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Abstract

As South Africa’s electricity consumption increases, Eskom is promoting Demand Side
Management (DSM) to aid control of both the electricity consumption and its more effective
usage, thereby delaying the need to construct new power stations, which pose large economic and
environmental problems. Eskom has investigated various DSM strategies, such as load shifting,
co-generation, alternative fuels and energy efficient processes, and has targeted the areas of load
shifting and energy efficiency as prime areas for energy savings as they are relatively inexpensive
and easy to implement. Pumps and fans form a large part of the industrial load. By improving the
power usage of these devices with the use of variable speed drives, large energy savings may be

achieved.

To enable the energy usage of industrial loads to be evaluated, a test bed system which enables
a variable speed drive to be loaded with a configurable load, was constructed. The test bed system
forms a tool for evaluating and demonstrating the energy savings that are possible, by replacing
fixed speed drives with variable speed drives when controlling the flow rate of pumps and fans.
Results from the test bed system show that by using variable speed operation of pumps and fans,
some energy savings are achievable when compared to existing methods of flow control. The
achievable energy savings are dependent on the system properties and the duty cycle of the pump

or fan system.
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Chapter 1

Introduction

1.1 General

Population and industrial growth in South Africa over the past few years, has resulted in an
increase in electricity consumption [11], as shown in Fig. 1.1, with a consequent reduction of
Eskom’s (South Africa’s only energy utility) spare generation capacity [1]. The high cost and
environmental impact of constructing further power stations has forced Eskom to set out plans
in the form of an Integrated Electricity Plan [12], with the aim of reducing electricity consumption
via the implementation of Demand Side Management strategies such as load shifting, co-
generation, alternative fuels and energy efficient processes [2]. In light of'this, the Motion Control
Research Group at University of Natal is conducting research on behalf of Eskom, focussing on

the application of Variable Speed Drives (VSDs) to assist energy savings in industrial applications.
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Fig. 1.1 Maximum demand from Eskom’s supply 1989 to 1998
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Centrifugal pumps and fans are widely used in industry with constant speed electric motor drives
[34]. Flow control of centrifugal pumps and fans driven by constant speed electric drives has
traditionally been accomplished by methods involving a considerable expenditure of energy
(throttling) as a trade-off for having flow control [34]. It has been widely publicized that some
energy savings may be achieved by replacing fixed speed drives in pump or fan systems with
VSDs which can vary the rotational speed of the pump or fan, thereby controlling the flow rate
[13, 34,37, 44, 40]. Although VSDs have been widely used in pump and fan systems, the primary
reason for using the VSD was to improve the performance and operation of the pump or fan
system [6, 37, 41, 51]. VSD’s have not traditionally been used to achieve energy savings due to
their high installation costs and the expertise required to commission the VSD. The development
of new switching devices and their increased use over the past few years [10] has resulted in a
reduction in the cost of VSDs (mainly AC VSDs). Due to escalating energy costs and decreasing
cost of VSDs, the use of VSDs in pump or fan systems in order to reduce the energy consumption

of the system can now be considered as a primary reason for installation [5].

The energy savings that a VSD can provide depends primarily on the physical properties and size
of the system as well as the associated duty cycle of the process. Both the process and mechanical
aspects of the pump or fan system have to be considered when evaluating the possible energy
savings [34]. It is important that an energy savings evaluation be performed on every VSD
application under consideration prior to purchasing and installing the VSD to ensure an acceptable
return of investment [34]. The possible energy savings in specific systems has shown that the
return of investment on the purchased VSD can be as little as three years [13, 37]. In spite of the
achievable energy savings when using VSDs and their short payback period there is a reluctance
to apply them due to reliability problems, lack of trained service personnel, spares holding and
susceptibility to quality of supply phenomenon [37]. Down time caused by a faulted VSD
(whether due to a fault in the drive or a disturbance on the mains) results in a loss of production
which can often exceed the energy savings provided by the VSD thereby increasing the return of
investment period [37]. By improving the energy efficiency of centrifugal pump and fan systems
with the use of VSDs, this saved energy can be used by other Eskom customers (electricity users)

without Eskom having to construct further power stations.
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In this study a 40kW test bed system was developed to enable the power usage of a VSD driving
a simulated pump or fan load to be determined. As it is important to consider every VSD
application to ensure a suitable return on capital expenditure [34], the test bed system can be used
to simulate a pump or fan system from which the achievable energy savings may be calculated

without retrofitting an installation.

The test bed system comprises three main components namely the VSD (AC VSD), the
configurable load and the test bed controller, as shown in Fig. 1.2. The AC VSD used in the test
bed system is a commercially available unit manufactured by REFU [33]. The industrial load is
simulated by the configurable load, which is a DC drive whose output torque is controlled by
regulating the armature current. The power generated by the configurable load while loading the
VSD is fed back to the DC link of the VSD (as will be discussed in Chapter 2), ensuring that the
test bed system is efficient and draws only the power required to replace the losses in the test bed
system from the mains supply. The test bed controller controls the configurable load such that the

desired industrial load characteristic is simulated while the power usage of the VSD is measured.

Configurable Load
output power

Supply VSD Confl'log;:irable
L T
‘ |
‘ |
\ .‘
P Test Bed <
V5D input Controller VSD output
power R

Fig. 1.2 Block diagram of test bed system
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The test bed system enables pump and fan systems to be simulated, thereby demonstrating the
power usage of the VSD from which energy savings may be determined based on the duty cycle
of the process. Although there are many types, sizes and characteristics of pumps and fans, this
study is limited to centrifugal pumps [26] and centrifugal fans [31] as they are most commonly
used. The test bed system is used to demonstrate the difference in power usage that can be
achieved by replacing conventional flow control methods in a centrifugal pump and centrifugal
fan systems with that of variable speed operation. Two pump systems and one fan system are used
to demonstrate the achievable energy savings based on simulated results from the test bed system.
These results show that it is important to consider the entire system as not all pump or fan systems

will provide sufficient energy savings to guarantee a suitable return of investment.

The project was divided into three phases: the first phase involved determining and understanding
the characteristics and operations of centrifugal pumps and fans and the operation of the VSD
used in the test bed system; the second phase involved the design, construction and
commissioning of the test bed system, based on the information gained from the first phase; the
third phase involved simulating pump and fan loads on the test bed system in order to determine
the energy savings achievable when using variable speed to control the flow rate in pump and fan

systems.

1.2  Thesis Outline

The thesis is structured as follows :

Chapter 2 presents the relevant information required to understand the operation of pumps and
fans. The operation of a Field Oriented Controlled (FOC) Voltage Source Inverter (VSI) drive
is presented as this theory is required when commissioning the AC VSD used in the test bed
system. The theory of a separately excited DC motor is presented such that a model of the DC
motor can be determined. The model of the DC motor is required for the design and simulation

of a suitable current controller which will enable the DC drive to act as a configurable load. The
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strategy used to determine the efficiency of the VSD in the test bed system is also discussed.

Chapter 3 presents two theoretical pump and one theoretical fan test systems. These theoretical
systems are used to determine the load that will be placed on the VSD in the test bed system while
driving the respective pump or fan system at fixed or variable speeds. A digital armature current
controller is developed and simulated which enables the DC drive to operate as a configurable

load thereby simulating the pump or fan load.

Chapter 4 presents the design and construction of the test bed system. This includes the design
of the DC drive power electronic converter and interfacing, the measurement, filtering and
interfacing of the test bed system variables required for the control and efficiency measurement
ofthe VSD. The design and construction of a PWM/tachometer card, which together with a DSP

card can control AC and DC drives, is presented.

Chapter 5 describes the implementation of the test bed controller. It provides an overview of the
software development system used to implement the test bed controller. The operation of the test
bed controller is described in two stages, the first being the means in which the controller controls
the configurable load in order to simulate the pump of fan system. The second stage is the means

in which the controller measures the power drawn by the VSD in the test bed system.

Chapter 6 describes the commissioning and testing of the test bed system. The operation of the
DC drive and armature current controller is compared to the simulation results of Chapter 3 to
determine if the DC motor and controller are operating correctly. The method used to setup and

evaluate the test bed controller is discussed.

Chapter 7 presents the practical results captured from the test bed system. The torque speed
curves for the theoretical pump and fan systems, discussed in Chapter 3, are simulated on the test
bed system and the results of the simulations run on the test bed system are presented. Energy

savings are then calculated based on the results gained from the test bed system.
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Chapter 8 draws conclusions about the energy savings that can be gained when using VSDs to

control the output of pumps and fans, and provides suggestions for further work.

1.3 Contributions

The work presented in this thesis makes the following contributions:

(D) The Test bed developed to complete this work, may be used to investigate the operation

of VSDs under varying load conditions and fault conditions experienced in industry.

(2)  The work performed, practically demonstrates that energy savings may be achieved by

using VSDs to control the flow rate of pumps and fans.

1.4 Research Publications

Certain material presented in this thesis has been presented at an international conference ([48])

and at two national conferences ([49],[50]).
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Chapter 2

Theory

2.1 Introduction

Fixed speed induction motors are commonly used to drive pumps and fans due to their low cost,
high reliability and low maintenance. With fixed speed pumps or fans the flow rate (output of the
pump or fan) is commonly regulated using throttling valves in the case of pumps or dampers in
the case of fans [34]. The flow rate of pumps and fans may also be controlled by varying the speed
of the pump or fan [34], in which case some energy savings are possible. The primary purpose for
developing a test bed system is to be able to demonstrate the energy savings that are achievable

by controlling the flow rate of pumps or fans by varying their speed.

The evaluation of the energy usage of pumps or fans being run at fixed or variable speeds is
problematic as the assessment requires the use of a pump or fan and an existing system in which
the pump or fan is operated. The test bed system overcomes this because it may be used to
simulate a pump or fan running at fixed speed and the same pump or fan being operated at

variable speed without the need for making changes to a physical system.

A simplified block diagram of the test bed system to be developed is shown in Fig. 2.1. The VSD
in the test bed system consists of two components namely an induction motor and a Field Oriented
Controlled (FOC) Voltage Source Inverter (VSI), both of which are commercially available
components. To measure the energy usage of the VSD in the test bed system while driving a
pump or fan, a simulated pump or fan characteristic needs to be presented to the VSD in the form
of a configurable load. The configurable load consists of a DC motor, H-Bridge inverter and
controller which controls the torque produced by the DC motor and measures the power usage

of the VSD.
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Fig. 2.1 Simplified block diagram of the test bed system

~ In order to be able to simulate a pump or fan one must first gain an understanding of their
operating principles. In the next section the operational characteristics of centrifugal pumps and
fans under both fixed and variable speed operation are presented to enable their characteristic
curves to be determined for variable flow rates. In order to implement a configurable load the
operating principles of the DC motor employed must first be understood, from which a suitable
control method for the DC motor may be implemented. The principle of FOC is discussed, paying
particular attention to the various parameters that are required for commissioning a FOC drive.

Finally the method used to determine the power usage and efficiency of the VSD is discussed.

2.2  Pumps

The operational principle of a pump and how its operation is affected by the system in which it
operates has to be understood prior to determining the characteristic curves required to simulate

a pump while being driven at fixed or variable speeds.

The primary function of any pump is to move liquid from one point to another. The type of pump
used depends on the flow rate required, the distance and height over which the liquid needs to be
moved, the viscosity of the liquid and its abrasiveness. This study only considers the centrifugal

pump, as it is the most commonly used pump in industry [26].
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The operation of a centrifugal pump in a specific system is determined by both the pump and
system characteristics. The pump characteristics are supplied by the pump manufacturer in the
form of pump curves. The system characteristics are dependent on the type of piping used to
transport the liquid, the height the liquid is to be lifted and the flow rate of the liquid. The pump
and system curves are overlaid and the intersection of the two curves determines the operating

point of the pump in the specific system.

2.2.1 Centrifugal Pump Operation

Excluding the prime mover, a centrifugal pump consists of two main components, namely a
rotating and a stationary element. A centrifugal pump operates as follows: the liquid is forced into
the rotating vanes at their centre, as shown in Fig. 2.2 and Fig. 2.3, by either atmospheric pressure
or by the suction caused by the liquid exiting the pump. These vanes constitute an impeller which
discharges the liquid at its periphery at a higher velocity which is then converted to a pressure
with the aid of a volute or a diffuser as shown in Fig. 2.2 and Fig. 2.3 respectively. Centrifugal
pumps may therefore be classified as either a volute pump, which converts the velocity to a
pressure by means of a volute as shown in Fig. 2.2, or a diffuser pump, which converts the
velocity to a pressure using a diffuser as shown in Fig. 2.3. The volute type pump is typical of

large industrial pumps whereas diffuser type pumps are more typical of smaller pumps.

A A e 1 Volute

\\\\\

Fig. 2.2 Volute type pump [26].
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Fig. 2.3 Diffuser type pump [26].

Centrifugal pumps may be designed to meet a wide variety of needs. Therefore, each pump type

has different characteristics. The most important characteristics of a pump are:

Capacity O :

Head H -

Power P

Efficiency

is the volume of liquid (m*h or m’s) delivered by the pump per unit time
(described as the flow rate).

(in metres) represents the net work done by the pump in lifting a unit of liquid from
the input of the pump to the discharge point. The system head comprises three main
components, the static or elevation head which is the vertical height over which the
liquid is raised from the inlet or suction point to the outlet or discharge point and
remains fixed for any system. The friction head is the resistance the liquid
encounters in flowing through the piping and fittings and is dependent on the flow
rate. The velocity head which represents the energy contained in the moving liquid.
is the input or shaft power required by the pump to move the liquid from the inlet
point to the exit point and is related to the capacity, head and the specific gravity
of the liquid being moved in the system.

of the pump is the net power used in moving the liquid divided by the power input

to the pump shaft.
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The capacity, head, power and efficiency of a centrifugal pump are affected by the impeller type,
diameter, construction and housing and the impeller speed. The type and size of the impeller,
construction and housing are fixed and the operating speed of the pump is normally selected
according to the type of impeller used and corresponds to the point where the pump is most
efficient. The direction of rotation of a centrifugal pump is important as the suction and discharge
points are affected by this, therefore they are designed to turn only in one direction especially in

the case of the diffuser type pumps.

The achievable flow rate for a specific pump, working against a specific head may be determined
from its characteristic curve, which is normally available from the pump manufacturer. Fig. 2.4
shows the pump curve for a centrifugal pump with a 210mm diameter impeller manufactured by
Rapid Allwailer Pump and Engineering Co., and is used throughout the remainder of this study.
This pump was chosen for two main reasons. The first is that the power that it draws from the
prime mover is 32kW (this may differ slightly for different systems) when the pump is delivering
the maximum flow rate at full speed, which is close to the full load power of the test bed system.

The second is that it is supplied to industry by a local supplier [3].

The pump curve shown in Fig. 2.4 shows the achievable flow rate for a specified head for various
speeds. Lines of constant power and efficiency are also shown. The lines of constant power allow
the user to determine the power consumed by the pump at a particular operating point, and the

efficiency by the line of constant efficiency.

The physical laws governing the operation of centrifugal pumps are known as the affinity laws
[19], which relate the pump head, capacity, speed and power at one operating point to that of
another as defined by Eqs 2.1 to 2.3. Subscripts 1 and 2 represent the two operating points. The
affinity laws allow the characteristic curve at one operating point to be translated to that of
another operating point, which is particularly useful when determining pump characteristic curves

for speeds other than that displayed on the pump characteristic curve.
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n,
Qz = Ql -
n,

2.1)

(2.2)
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where # is the pump speed
O is the pump flow rate
H 1s the pump head

P is the pump input power.

2.2.2 System Characteristic Curve Calculations

(2.3)

The head a pump experiences when moving liquid, at a specified flow rate, in a specific system

is known as the system characteristic and may be calculated from the physical properties of the

system (pipe diameters, number of pipe fittings, elevation head, inlet and outlet construction). The

system characteristic curve is obtained by calculating the system head for various flow rates.

The total system head comprises the total suction head and the total discharge head. The suction

head and discharge head each have three main components: the static head which is the vertical

distance from the source of the liquid to the pump’s inlet for the suction lift (H,) and from the

outlet of the pump to the discharge point for the static discharge head (H,), as shown in

Fig. 2.5, the velocity head which represents the energy contained in the moving liquid, the friction

head which represents the force required to overcome the interaction of the liquid with the walls

of the piping at a specific flow rate [22].

EL1 L2

Supply
Reservoir

Fig. 2.5 Pump system showing system parameters required to calculate the system

head.

Discharge
Reservoir
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The total system head (/) can be calculated using Eq. 2.4.

H,=H+H,+H,+H, (2.4)

where H, is the total system head.
H_ is the suction static head
H ,is the discharge static head
H,is the friction head due to the liquid flowing in the pipes
H_ is the velocity head.

The friction head (H)) is calculated using Eq. 2.5.

H, =L, F

Vi '/05.5' (2 5)
where L, is the equivalent length of pipe

P loss

is the frictional loss for a specific flow rate in a specific pipe, and is found

experimentally and given in tables [22].

The equivalent length of pipe (L)) represents the length of straight pipe through which the liquid
would have to flow to produce the same frictional force as the system places on the liquid. The
equivalent length of straight pipe is found by measuring the total length of the pipe in the system
(L1+L2+L3+L4 from Fig. 2.5) then adding an additional length (EL1+EL2+EL3 from Fig. 2.5),
which represents the length of pipe which would produce the same effect when the liquid
encounters a pipe fitting (such as flanges and elbows). The equivalent lengths of pipe for the
various types of pipe fittings may be determined experimentally, the results of which are given

in tables (Table C.1 Appendix C) [22].

The velocity head (#,) is found using Eq. 2.6, but is often omitted as it is negligible in respect to
the static (#, + H ) and friction head (/) of the system.
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H = [K’i] (2.6)
v 2g ¢

where Vs the liquid velocity in the pipe

g is the force of gravity.

Since both the friction (/) and velocity (/,) heads are dependent on the flow rate in the system,
the total system head has to be calculated for each flow rate to gain the system characteristic
curve. The system characteristic curve represents the net work the pump has to perform to

produce a specific flow rate.
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Fig. 2.6 Pump and system characteristic curve
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Once the system characteristic curve has been determined, it is overlaid on the pump curve to
select or evaluate a pump in a system as shown in Fig. 2.6. The point where the pump and system
characteristic curves intersect is the operating point of the pump in the system and indicates the
expected flow rate, efficiency and power usage of the pump. Fig. 2.6 shows a typical pump and
system characteristic curve and indicates that the pump running at 3000 rpm will operate at point

A where the flow rate is 180 m*/h and the pump efficiency is 80%.

2.2.3 Capacity regulation of centrifugal pumps

Capacity regulation of centrifugal pumps is often achieved by changing the system head, pump
speed or both. Capacity regulation of pumps is an important factor when pumps are used in
automated production systems where a variable flow rate is required. There are many different
forms of capacity regulation which can be applied to centrifugal pumps of which the most
common forms are discussed below. The two most common forms of capacity regulation namely
discharge throttling and speed regulation [34, 41] are discussed, as well as other methods of

capacity regulation for the sake of completeness.

* Discharge throttling
This is one of the cheapest and most commonly used methods of flow control, which is
achieved by placing a valve in the discharge line [26]. Fig. 2.7 shows a pump curve and a
system head curve where the throttling valve is completely open (operating point A) and thus
not impeding the flow of liquid. Closing the throttling valve (operating point B) modifies the
system resistance by introducing an additional head as shown by the dotted line in Fig. 2.7. The
static head of the system remains constant as this is determined by the height that the liquid is
to be lifted. The new flow rate of the pump system now occurs at the intersection of the pump
curve and modified system curve (dotted Line). The required input power to the pump will
drop off slightly due to the decreased flow rate. The pump will generally operate in a region

of decreased efficiency as it works against a larger head.
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Fig. 2.7 Effect of throttling valve on system curve and flow rate

Speed Regulation

This form of capacity regulation has not been used very frequently in the past, due to the high
cost and complexity of the equipment required to vary the speed of the pump as is the case of
DC drives, slip recovery drives (Kramer drive) and eddy current drives [40]. The advent of AC
induction motor inverter drives and their diminishing costs has seen this form of capacity
regulation become more feasible. When using this form of capacity regulation, it is possible to
minimize power requirements, and eliminate overheating (losses in the system) during capacity

regulation.

Varying the speed of a pump leads to an infinite number of pump head versus flow rate curves
being available for controlling the flow rate of a pump. When the pump speed is reduced, the
pump characteristic curve shrinks in accordance with the affinity laws (Eq. 2.1 and 2.2) as

shown in Fig. 2.8. The flow rate achieved as the speed is reduced follows the system curve (in
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a direction from point A to B). The system curve remains unchanged as it is dependent on the
physical properties of the pump system and the flow rate. It must be noted that below a
specified speed the pump ceases to pump liquid as the pump cannot produce the head required
to overcome the static head in the system, as shown in Fig. 2.8. It should be noted that the
affinity laws apply to the pump characteristic curve and not to the system as a whole, as the
affinity laws state that at zero speed zero flow rate will occur, but Fig. 2.8 shows that this is
not the case. The actual head and flow requirements are determined by the system curve and

the pump curve for a specified speed [34].

System Curve

n=100%

Head (m)

" n=60%

n=30%

0 J L 1 SR
Flow Rate (m/h)

Fig. 2.8 Effect of speed on pump curve and flow rate

In accordance with the affinity laws (Eq. 2.3) the power consumed by the pump varies with
the cube of the speed. If Fig. 2.8 is considered it can be seen that zero flow rate occurs at a
point where the pump is running at 30% of'its full speed. Thus, the power drawn by the pump
at zero flow rate will not be zero due to the static head in the system. The possible energy

savings achievable when using speed regulation is thus primarily dependent on the system [34].
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«  On off control
This is the simplest and cheapest form of flow control used and is generally used where small
or fairly steady flow rates are required. However, as the flow rates become larger or more
intermittent, the starting and stopping of pumps causes uneven flow and disturbances. This
method also places stress on all the related components during the starting and stopping
periods. When induction motors are used, large currents are drawn during the start up period,

which can result in a high power consumption and premature motor failure.

* Suction throttling
If sufficient net positive suction head is available, the flow rate can be controlled by throttling
the suction line. The impellers employed when using suction throttling, have to be considered

carefully to avoid cavitation.

* Bypass regulation
In this process some or all of the pump’s capacity is diverted by the use of a bypass line from
the discharge line of the pump to the suction line or other suitable point. The bypass line may
contain suitable control valves. In some cases considerable power savings can be made if

excess capacity is bypassed instead of using discharge throttling.

* Regulation by adjustable vanes
Adjustable guide vanes placed ahead of the impeller have been found effective in regulating
the output of specific pumps. The vanes produce a positive prewhirl which reduces the head
capacity and efficiency of the pump. Adjustable outlet diffusion vanes have been used with
good success on several large storage pumps for hydroelectric developments. In general these

methods are expensive and complicated and have limited application in practice [47].

* Air Admission
When admitting air into the pump suction, the capacity of some pumps can be regulated, with
some savings over discharge throttling. Having air in the pumped liquid is often found to be

undesirable and there is always the concern of the pump losing prime (without water in the
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pump the impeller rotates but is unable to generate suction).

2.3 Fans

The operational principle of a fan and how the fan’s operation is affected by the system in which
it operates has to be understood prior to determining the characteristic curves required to simulate
a fan being driven at fixed and variable speeds. This section considers the operating characteristics

of centrifugal fans and how the system affects their operation.

The majority of fans found in industry are centrifugal fans [31], and so in this study only this type
of fan is investigated. The purpose of a fan is to move air continuously at moderate pressures.
When working with fans it is normally assumed that air is incompressible, due to the moderate to

low pressures involved with the movement of the air [31].

The operation of a centrifugal fan, in a specific system, is determined by both the fan and system
characteristics. The fan characteristics are supplied by the fan manufacturer in the form of fan
characteristic curves and are found as a result of tests performed on the fan under various
conditions. The system characteristics are dependent on the type of ducting used to transport the
air. The fan and system characteristic curves are overlaid and the intersection of the two

characteristic curves determines the operating point of the fan.

2.3.1 Centrifugal Fan Operation

A centrifugal fan consists of an impeller running in a spiral casting as shown in Fig. 2.9. The air
enters the impeller in an axial direction and is discharged at the periphery. The amount of work
done by the fan on the air is dependent on the angle of the fan blades (pitch) with respect to the

rotation of the impeller,

The pressure resulting from the fan moving the air is expressed in terms of a pressure rise through

the unit as opposed to a ratio between the inlet and outlet pressures. The various pressures
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resulting from the air movement are as follows:

Total pressure: is the difference between the total pressures at the fan outlet and inlet.
Velocity pressure:  is the pressure due to the movement of the air in the outlet of the fan and is

found by dividing the air flow rate Q by the area of the fan discharge orifice.

Static pressure: is the fan total pressure less the fan velocity pressure.

‘mnsg
“

Fig. 2.9 Centrifugal fan showing, air outlet (1), impeller (2), spiral
shaped casting (3), air inlet (4), framework (5) [8].

The performance of a fan, in terms of pressure, flow rate and power absorbed, depends on a

number of factors [31]. The most important are:

« the design, type and size of the fan;
« the point of operation on the flow/pressure characteristic curve of the fan;
+ the speed of rotation;

« the condition of the gas or air passing through the fan.
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The achievable flow rates produced by fans working against specified pressures are displayed on
charts known as fan characteristic curves. These fan characteristic curves are supplied by fan
manufacturers and are based on tests carried out under ideal conditions. The characteristic curve
for a Donkin fan with backward curved blades is shown in Fig. 2.10. This fan is used throughout
the remainder of this study, in determining the energy usage of a VSD while driving a fan load.
This fan was chosen as it can be operated at speeds up to 2000rpm where it will draw 36kW from
the prime mover. The speed range and power consumption of the fan thus falls into the operating

speed range of the test bed. This fan is also supplied to industry by a local fan manufacturer [8].
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Fig 2.10 Fan characteristic curve showing efficiency and power
as the flow rate and pressure drop vary [8].
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The fan characteristic curve, shown in Fig. 2.10, shows the flow rate achievable for a specified
pressure loss at specified fan speeds. Lines of constant power are also shown and allow the user
to determine the power consumed by the fan at a particular operating point. The efficiency of the

fan is shown in the form of constant efficiency lines.

The flow versus pressure relationship cannot be expressed in a simplified form as in the case of
the affinity laws for centrifugal pumps. This makes the computation of various operating points
difficult although, by considering any single point on the fan characteristic curve, it is possible to
derive some simple relationship known as the fan law. The fan laws are given in Eqs 2.7 to 2.9,
where Eq. 2.7 represents the flow rate and Eq. 2.8 represents the fan pressure as the fan speed is
varied [31]. Once the constants in Eqs 2.7 and 2.8 have been found for an operating point at a

specified speed, an operating point at a different speed can then be determined.

O=K,d’n (2.7)
P = Kl,hdznzp (2.8)

where O is the fan flow rate
n is the fan speed
d is the impeller diameter
P;is the fan pressure
p is the air density
K, is the fan pressure loss coefficient

K, is the fan flow rate coefficient.
A third law relating the fan power to the flow rate and fan pressure is given by Eq. 2.9 and can

be used to calculate the power consumed at a different speed according to the power consumed

at a known operating speed.

P=p0=K,d’np (2.9)
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Since the fan laws are valid for any particular point on the fan characteristic curve, similar laws
will be valid for every other point of operation, with the only difference being the numerical value
of the coefficients. It must be noted that these laws only apply to the fan characteristic curve and

not to the fan system as a whole.
2.3.2 System Characteristic Curve Calculations

The performance of a fan in a system is determined by the system parameters as is the case with
pumps. In a fan system the pressure loss varies linearly with the flow rate. An electrical resistance
analogy (Ohm’s Law) can be used in calculating the pressure loss of the system as the flow rate
changes as shown in Eq. 2.10 [31]. Thus as the flow rate increases the pressure drop increases

linearly, just as the voltage dropped across a resistance increases as the current flow increases.

AP

R=—
Q..

(2.10)

where R is the equivalent resistance of the fan system
AP is the pressure loss of the system

Q is the volume flow rate of air in the system.

When the equivalent resistance of the fan system is known the pressure loss in the system can be
calculated for each flow rate. The system pressure loss is plotted against the flow rate to give the
system characteristic curve. The system characteristic curve is overlaid on the fan characteristic
curve when evaluating the performance or operation of a fan in a specific system, as shown in
Fig. 2.11. The point of intersection between the fan and system curves determines the operating
point of the fan in the system. Thus for the system and fan characteristic curves shown in Fig. 2.11

when the fan is running at 1600rpm the achievable flow rate is 8m’/s.
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Fig. 2.11 Fan and system characteristic

2.3.3 Flow Control of Centrifugal Fans

In many industrial applications, it is necessary to alter the flow rate of a fan according to the
system needs, thus flow control of fans is an important factor. There are a number of methods for
controlling the flow rate of centrifugal fans. The methods in which dampers and the fan speed is
used to control the flow rate are considered in more depth; the remaining methods are described

for the sake of completeness.
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Throttling by means of a Damper

The simplest form of throttling is by means of an adjustable damper. The effect of the damper
is to increase the system resistance. Closing the damper increases the system resistance
resulting in a change in the system curve, as shown by the dotted red line in Fig. 2.12. The

flow rate now occurs at point B.
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Fig. 2.12 Effect of damper setting on system characteristic
curve and flow rate

The installation costs of this form of flow control are low in comparison with other forms of
flow control [31]. The power drawn by the fan is almost constant irrespective of the flow rate,
as shown by the power curves in Fig. 2.12 which run parallel to the fan curves. Therefore the

running costs of a system employing dampers to control the flow rates are high due to the

inefficiencies involved, especially where a wide range of flow rates are required [31, 34].
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Speed Regulation

This is the most efficient and controllable means of flow control in fans [31]. Previous methods
of fan speed control such as DC motor drives or variable slip drives incorporating wound rotor
induction motors and variable rotor resistance (which are inefficient) have been expensive. AC
VSDs provide a more efficient method of controlling the fan speed and thus the flow rate. The
effect of a change in speed on the fan characteristic curve is shown in Fig. 2.13. When the fan
speed is reduced the fan characteristic curve reduces in accordance with Eqs 2.7 and 2.8. The
system curve remains unchanged as the system remains fixed as the fan speed is varied. The
operating point of a fan in a system occurs at the intersection of the fan and system
characteristic curves (point A), thus when the fan speed is changed the new operating point
in the system occurs at the intersection of the new fan and system characteristic curves (point

B) as shown in Fig. 2.13.
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As the system curve and the lines of constant efficiency are parallel the efficiency of a fan
remains constant, irrespective of the fan speed. This can be of importance if the fan is selected
to operate at its maximum efficiency in the system. The power consumed by the fan varies as
the fan speed is altered and changes in accordance with Eq. 2.9. Thus as the fan speed is

lowered to reduce the flow rate the power consumed by the fan decreases.

* Flow Control using Adjustable Vanes
This method uses adjustable vanes placed at the inlet of the fan, to circulate the input air in the
same direction as the impeller motion, this has the effect of reducing the work done on the air
by the impeller. Thus, for each vane setting the fan has a different characteristic, which results

in the fan having a different operating point resulting in an alternate flow rate.

2.4 DC Motor Theory

The load placed on a AC VSD while driving a pump or fan is determined by the point at which
the pump or fan characteristic curve and the system characteristic curves intersect, as described
in the previous sections. For the power usage of the VSD in the test bed system to be measured
while driving a pump or fan, the pump or fan may be simulated with the use of a configurable load.
A separately excited DC motor was chosen to form the configurable load for the test bed system
for three main reasons. The first is the ability of the DC motor to produce a constant torque
throughout the desired speed range, the second is the ease in which the DC motor torque can be

controlled and the third is the ease with which the losses in the DC motor can be calculated.

A good model for a system is essential to ensure that simulated results are meaningful. The greater
the accuracy of the model the better the predicted results will be to the real system. This section

presents the theory required to setup a simple yet accurate model of a DC motor.
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Fig. 2.14 Equivalent circuit diagram of a separately
excited DC motor

The equivalent circuit diagram for a separately excited DC motor is shown in Fig 2.14. Eq. 2.11

is developed by summing the voltages around the armature circuit.

R+ 1 £ (2.11)
v.=e+iR+L — :
2] a a [2] o d’

where v, is the applied armature voltage (V)
e, the back EMF of the armature given by Eq. 2.12 (V)
i, 1s the resultant armature current (A)
R, is the armature resistance (Q)

L, is the armature inductance (H).

The back EMF of the DC motor armature is given by Eq. 2.12.

e, = Kgo, (2.12)

where K is the DC motor constant
¢ is the flux inside the DC motor (wb)

o, 1s the rotation speed of the armature (rad.s).

If the field flux is held constant and the effects of armature reaction are neglected then K¢ can be

expressed as K,, resulting in Eq. 2.13

e =K o (2.13)
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The electrical torque produced by the DC motor (Ty,) is given in Eq. 2.14, showing that the total
torque produced by the machine is proportional to the armature current, provided K, remains

constant.
T, = K, (2.14)

The mechanical torque (T,,) available to accelerate the machine up to an equilibrium speed, is the
difference between the electrical torque (T;) and the load torque (T, ), where the load torque could

be a constant value or a complex function varying with the motor speed.
Ty=1z~1, (2.15)

The dynamics of the mechanical system of the DC motor can be described using Eq. 2.16

dw,
1, = J'd—l+ Bw, (2.16)

where ] is the inertia of the armature (kg.m?)

B is the coefficient of viscous friction for the DC motor (Nm/rad/sec).

The block diagram shown in Fig. 2.15 is obtained by transforming Eqs 2.11 to 2.16 into the s

domain using the Laplace transform [27].

"L\
=~
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L;st R, i Js+ B

=) B e

m

Fig. 2.15 Block diagram model of DC motor

The transfer function relating the armature current to the applied armature voltage is given by

Eq. 2.17.
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P( ) “(S) L“J‘(SJ + B)
i = =
v(l(S) 2 [ R(l Bj [ K"zl + R(IBj (2 17)
8 = =l F —— .
LTI L

This model and transfer function is used in Chapter 3 for the design and simulation of an armature

current controller.

2.5 Principles of Field Oriented Control

The AC VSD used in the test bed system is an FOC VSD. A clear understanding of field oriented
control is required when commissioning the AC VSD. Industry has primarily relied on DC motors
for motion control applications for two reasons, the first is the ease in which DC motors are
controlled and the low cost of SCR based DC drives and the second is the reluctance of people
to adopt AC drive technology [28]. Induction motors are smaller, cheaper and require less
maintenance than DC motors of the same size, but have not been used extensively in motion
control applications as it is difficult to predict and control the induction motor’s performance.
FOC enables the induction motor to exhibit similar characteristics to that of a separately excited
DC motor [7, 20]. The objective of FOC is to establish and maintain an explicit angular
relationship between the stator current and the rotor flux that is established in an induction motor
[7, 25]. This angular relationship may be achieved by regulating the slip of the induction motor
to a value which causes the rotor flux vector to align with the d-axis component of the stator
current vector, as shown in Fig. 2.16 [7]. The magnetizing flux inside the induction motor is then
produced by the d-axis stator current vector and the g-axis component of the stator current vector

is used to regulate the torque produced by the induction motor.
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Fig. 2.16 Conditions for FOC

The block diagram of an induction motor operating under FOC is shown in Fig. 2.17 (the
derivation of which is given in Appendix A). In Fig. 2.17 the d-axis component of the stator
current sets up the magnetizing flux inside the induction motor and is held constant. The q-axis
current component of the stator current is used to control the torque produced by the induction

motor.

L L,
o—p "R bt 0
s pLy, + R,
I
qs 57
20,L,
° i ° Lom

Fig. 2.17 Induction motor under FOC with stator current control.

The torque produced by the induction motor is described by Eq. 2.18. If Eq. 2.18 is compared to
that of Eq.2.14 it can be seen that the induction motor will produce torque in a similar manner to

that of the separately excited DC motor.

Tcm = 7\’driqsl( (2 1 8)
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where T, is the motor shaft torque produced
Ay 18 the d-axis stator flux linkage (set by i)
i, 1s the g-axis stator current

K is a constant.

In order for an FOC drive to operate correctly the d-axis and q-axis current set points have to be
known as well as the machine parameters. Since it is often difficult to determine the machine
parameters accurately (especially if test equipment is unavailable) a parameter known as the slip
frequency is used in commissioning the drive. The method used to determine these parameters are

given below.
2.5.1 Determining I,, and I, Parameters

In order to control the induction motor correctly, the correct d and g-axis stator current reference
values have to be determined to commission the FOC drive. The d-axis stator current sets up the
magnetic field in the induction motor and should equal the magnetic field found in the induction
motor while running under normal operating conditions. The magnetizing current or d-axis
current of the motor is found by running the motor at no load. When the induction motor is
running at no load, the slip is almost zero, resulting in the rotor flux and the rotor d-axis flux lining
up, as shown in Fig. 2.16, thus the motor operates under the same conditions as under FOC. The
currents flowing into the machine only setup the flux (1,=0), thus [I,| = |I] = [I,|=[I,| for a

balanced three phase machine.

The g-axis current is used to control the torque produced inside the machine when it is running
under FOC control. The g-axis current has to be set, such that the machine current will be limited
to avoid overloading the induction motor if a large load torque is applied. The full load current
of the machine (1) is given on the name plate of the machine and since the magnetizing current

can be measured, the maximum q-axis current can be calculated using Eq 2.19.

Fo = o= (2.19)
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where /,is the induction motor full load current
1, 1s the d axis stator current

/,, 1s the maximum q-axis stator current.

The method described above is used in Chapter 6 and Appendix H to calculate the required d and
q-axis currents. These parameters are used in setting up and commissioning the FOC drive in the

test bed system.
2.5.2 Determining the Slip Gain Parameter

One of the conditions that has to be met for an induction motor to be controlled under FOC is
given in Eq. 2.20 and Eq. A.15 in Appendix A. Eq. 2.20 states that the slip frequency (sw) is a
function of the motor parameters and the q-axis stator current reference value. The motor
parameters remain almost constant, therefore if the slip frequency is known for a particular q-axis
stator current then the motor parameters can be calculated (the slip at full load is given on the
motor name plate). The slip frequency is used to calculate a parameter known as the slip gain

which is setup on the FOC VSD used in the test bed system.

*

[’MIR"[qy
5 =—r 2.20
L"?_/{dI' ( )

where s is the induction motor slip
o is the IM rotation speed
L,, 1s the stator and rotor mutual inductance
R, is the rotor resistance
i*qs 1s the g-axis current reference
L,, is the rotor self inductance

A

dr

is the q-axis rotor flux linkage.
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The slip frequency calculations are used in Chapter 6 and Appendix H when determining the slip

gain for the AC VSD in the test bed system.

2.6 Power Usage Determination of the VSD in the Testbed System

In order for the power usage of the AC VSD in the test bed system to be measured while driving
a simulated pump or fan load the power flow in the test bed system has to be measured. It is
desirable to measure as few variables as possible, as it reduces the number of possible
measurement errors. Fig. 2.18 shows a block diagram of the test bed system and the power flow
in the system. The power flow in the test bed system has to be in steady state in order to determine
the power usage of the AC VSD while driving the simulated pump or fan load. This can be
achieved by ensuring that the torque reference supplied to the configurable load is not changed

rapidly thereby reducing any large system disturbances.

Pmech
(——
DC Motor Induction
(P,) Motor
|
VSI
P o PVSD“ P,
H-Bridge| L ~ |3phase|— 3 Phase
Inverter 1 Rectifier —— Mains
DC Link

Fig. 2.18 Block diagram representing power flow in test bed system

In Fig. 2.18, the FOC VSI draws electrical power from the DC link (Py,) and supplies electrical
power to the induction motor, which converts the electrical power into mechanical power (P,,..;)
in the form of torque and speed. The output torque of the induction motor is then converted back
into electrical energy by the DC drive (DC motor an H-bridge inverter), which generates power

back into the DC link (P,,) thereby loading the VSD (IM and VSI). The AC VSD in the test bed
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system contains a speed loop which will attempt to maintain the output speed of the IM at its set
speed (as set by a reference to the speed control loop) as the mechanical load changes. Due to
the speed loop of the AC VSD controlling the output torque produced by the IM, the IM will
balance the torque produced by the DC drive, thereby maintaining a constant speed. The power
flowing into the DC link of the test bed system (P, + P,.) has to equal the power flowing out of
the DC link (Py,) in order for the voltage across the DC link capacitors to remain constant during
steady state. As the AC VSD and the DC drive in the test bed system both have mechanical and
electrical losses the power flowing from the three phase rectifier (P,) replaces any mechanical and
electrical losses in the test bed system thereby maintaining a constant DC link voltage. The test

bed system is very efficient as it only draws the power lost (P,) from the supply.

The power tlowing to the AC VSD can be calculated from a knowledge that the power entering
the DC link must equal that leaving, ensuring that the DC link voltage remains constant under

steady state conditions, as shown by Eq. 2.21.

Po=P+P (2.21)

de

The power flowing into the DC link from the three phase mains (P,) is given by Eq. 2.22 and

equals the total system losses, as explained above.

})r = [/" I/vlink (222)

where [ is the DC current flowing from the three phase rectifier of the AC VSD
Vi 18 the DC link voltage of the AC VSD.

The electrical power generated internally by the DC motor (P,) is not a function of the DC link
voltage, but is a function of the back EMF of the DC motor (E,) and the armature current

(I,), as given by Eq. 2.23 (E, = e, under steady state, as E, is only defined during steady state).
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P=1.E, (2.23)

The value of E, can be calculated using Eq. 2.13, as the flux in the DC motor remains constant
and the speed of the armature is known. The armature current (I, = i,) is controlled and is
therefore known. The electrical power generated by the DC motor (P,) is not equal to the power
that flows back into the DC link due to the losses in the armature circuit. The power returned to
the DC link (P,,) is therefore equal to the electrical power generated by the DC motor armature

less the electrical losses as shown in Eq. 2.24.
Pp= P - (ISR, + LV}) (2.24)

where V, is the volt drop across the brushes in the DC motor
The output power of the induction motor is equal to the output power to the DC motor plus the

electrical and mechanical losses of the DC motor. Thus, the output power of the VSD can be

calculated using Eq. 2.25.

_ 2 - 2
Pmech = Pa’c + [a Ra + Ialb + Ba)r (2.25)

Eq. 2.25 can be simplified by substituting Eq. 2.24 into Eq. 2.25 yielding Eq. 2.26.

[)

= | 2
Sl Lala + Ba)r (2.26)

The efficiency of the AC VSD can now be calculated using Eq. 2.27.

P
Efficiency(%) = 7)@@’—100 2.27)
VSD
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By substituting Eqs 2.26 and 2.21 into Eq. 2.27 the full expression for the VSD efficiency is

determined and shown in Eq. 2.28.

E I +Bw 2
Efficiency (%) = o r

- B - - (2.28)
bala - ([aRa * Ialb)Jr Iylmkjr

From the above equation it can be concluded that by measuring the DC motor armature current
(1), the supply current from the three phase rectifier (1), the DC link voltage (V) and the
rotational speed of the machines in the test bed (w,), the power usage and efficiency of the AC

VSD can be calculated.

The load torque (T, ) imposed on the induction motor under steady state conditions is given

by Eq. 2.29.

T[L = Km[a + Ba)r (229)

Thus the required armature current for a specified load at a particular speed is calculated using

Eq. 2.30.

Iy - Ba@,
]a = dy ~ B0, (2.30)
K

The DC motor used in the DC drive in this study has a viscous friction torque of 9.21Nm when
running at 2000rpm. This was determined from tests performed on the DC motor given in
Appendix B .This load torque decreases as the speed of the DC motor is reduced. Pumps and fans
rarely run at extremely low flow rates and the power drawn by the pumps and fans never reaches
zero [34]. Due to the type of control used in the DC drive, as discussed in Chapter 3, the armature
current flowing in the DC motor has a high frequency ripple present, which results in the induction

motor being subjected to a high frequency oscillatory torque with a peak of 10.16Nm. As the
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viscous friction torque and the ripple torque produced by the DC motor are small, the viscous

friction may be neglected and Eq. 2.30 can be further simplified yielding Eq. 2.31.

r
[ =2 531
. Km ( )

The theory presented in this section is used in Chapter 5 to implement the test bed controller
software which calculates the power flow in the test bed system. Although the test bed system is
only required to measure the power usage of the AC VSD while driving a simulated load the AC
VSDs efficiency is also calculated. The VSD efficiency is not presented in this thesis but is
implemented to provided a system which may also be used to investigate how the efficiency of AC

VSDs can be improved.

2.7 Conclusion

The pump and fan characteristic curves described in this chapter are used to determine torque
speed curves for a number of pump and fan examples in Chapter 3. The DC motor theory is also
used in Chapter 3 to perform simulations to determine the operating points of the configurable
load. The theory on the FOC drive is used in Chapter 6 where the commissioning of the VSD is

considered.

The power usage calculations for the VSD plays an important role in deciding which parameters
should be measured when setting up the test bed system controller. This together with the

implementation of the DC drive controller is discussed in Chapter 5.
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Chapter 3

Configurable Load Simulations and Load Curve

Calculations

3.1 Introduction

To demonstrate the power usage of different methods of flow control for pump and fan systems
a test bed system was constructed. Fixed and variable speed pump and fan systems may be
simulated on the test bed system and is achieved by controlling the speed set point of the AC
VSD, which is determined by the flow rate and type of flow control being simulated. While the
speed of the VSD is controlled it is loaded with a simulated pump or fan load. The load is
simulated by the DC drive which is designed and controlled as a configurable load. The power
drawn by the AC VSD in the test bed system is measured while driving the configurable load

simulating a pump or fan.

For the DC motor to load the VSD with a simulated pump or fan load it must produce a constant
set point torque (torque required to simulate a pump or fan) under steady state conditions. The
torque of a DC motor may be controlled by varying the DC motor’s armature current, therefore
a current controller had to be designed to control the armature current in such a manner that the
DC motor would represent the desired pump or fan load characteristic. The DC motor simulations
are used to determine the controller gains as well as to investigate any system limitations and
changes required. This chapter uses the DC motor model presented in Chapter 2, to simulate the

operation of the DC motor and current controller when used in the test bed system.

Pump and fan characteristic curves have to be used to determine the torque that the configurable
load must impose on the AC VSD to simulate a pump or fan. As the power usage of the VSDs

installed in a system is dependent on the characteristics of the pump system, two test systems are
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presented. The first pump system results in large power savings at low flow rates whereas the
second system does not. Both pump systems are presented in which flow control is firstly
achieved using discharge throttling and secondly by speed regulation. The theory presented on
pumps in Chapter 2 and the two pump systems presented are used to determine the load placed
on the AC VSD while driving the pump at either fixed speed (flow control using discharge
throttling) or variable speed (flow control using regulation). A test case for a fan operating in a
system, firstly using dampers (fixed speed operation) and secondly using speed regulation to
control the flow rate is presented in order to determine the load placed on the AC VSD while

driving the fan under different forms of flow control.

3.2 DC Motor Simulations

The model of the DC motor developed in Chapter 2 is used to design and simulate an armature
current controller to control the torque produced by the DC motor in accordance with Eq. 2.14.
The DC motor simulations are important, as they give an indication of the system performance,
limitations and stability. The DC motor simulations were performed in four parts: the first part
was to determine the parameters of the DC motor; the second part was to investigate the
operation of the DC motor under PWM control; the third part was the design and simulation of
a PI current controller in the continuous domain; the fourth part used the controller gains from
part three, to implement and simulate a discrete PI controller and to evaluate its performance

when controlling the armature current of the DC motor.

3.2.1 DC Motor Model Parameters

Accurate parameters for the DC motor are required for both controller design and to enable the
losses in the DC motor to be accurately estimated, such that the power usage of the AC VSD can
be calculated. The DC motor used in the test bed system is a 40kW DC motor manufactured by
Siemens, and has a rated armature current of 100A at a rated armature voltage of 400V. The DC
motor is separately excited with a fixed field current, thereby maintaining a constant magnetizing

flux and machine constant (K,). The armature circuit parameters, as well as the inertia of the
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machine were supplied by Siemens [42]. The motor constant K, was determined from an open
circuit generator test with a fixed field current, where the armature voltage was measured at
various motor speeds and used to calculate K, [38]. The coupling between the induction motor
and the DC motor was removed and the mechanical losses due to the bearings and windage losses
were measured by performing no load motor tests [38] at various speeds whereafter the electrical
losses were subtracted leaving the mechanical losses of the machine. From the mechanical losses
the coefficient of viscous friction was calculated. The test results for the open circuit generator

and no load motor tests appear in Appendix B, and the resultant parameters are given in
Table 3.1.

Table 3.1 Parameters of 40kW Siemens DC Motor

R, 0.11Q

L, 2mH

J 1.1 Kgm?

B 0.044 N.m/rad/sec
K., 2.08 V/rad/sec

The block diagram of the DC motor model in Fig. 2.10, can be modified as shown in Fig. 3.1.

JS+ B

Ty

Fig. 3.1 Modified DC motor model block diagram

From Fig. 3.1, a transfer function relating the DC motor’s armature current and armature voltage
may be derived, for use in the design and simulation of the DC motor and armature current

controller.
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3.2.2 PWM Control of the DC motor

By varying the armature voltage of the DC motor the armature current can be controlled to
achieve any desired level. A PWM-controlled H-Bridge inverter, as shown in Fig. 3.2 (the fly back
diodes required across the switches have not been shown), was used to control the armature
current to the DC motor. The use of the PWM-controlled H-Bridge inverter allows for the
implementation of a precise and rapid armature current controller which is not limited by the

mains supply as in conventional SCR DC motor drives.

/ 2]
/) o e

From DC Link
of REFU Inverter Uy

C

Fig. 3.2 Connection of DC motor to PWM controlled H-Bridge

The torque that the DC drive produces is determined by the magnitude of the armature current
flowing in the DC motor according to Eq. 2.14. When the DC drive operates in the motoring
region (driving a load) the rotation of the motor and current flowing into the motor is positive.
For the DC drive to load the VSD in the test bed system the DC motor has to operated in the
regenerative region, this occurs when the motor is turning in a positive direction but the armature
current is negative, thus the motor produces a negative torque. The power regenerated by the DC
drive has to be dissipated in some load. Due to the size of the DC drive (40kw) it is impractical
to dissipate this energy in a resistive load. The regenerated power cannot be returned to the three
phase mains supply using the H-Bridge configuration without the use of a controlled rectifier.
The AC VSD in the test bed system is a FOC controlled VSI and has a DC link to which the H-
bridge inverter may be connected so that the power generated by the DC drive in loading the VSD
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may be returned and used by the VSD. The VSD therefore forms the load into which the DC
drive regenerates power. As the DC link of the VSD is connected to the mains supply by a diode
bridge power is circulated in the test bed system and the only power drawn from the mains supply

is that required to cover the losses in the system.

The PWM controlled inverter was modelled in Simulink. Simulink is a tool for modelling,
analysing and simulating physical and mathematical systems in both the continuous and discrete
time systems [43]. The PWM controlled inverter was modelled such that any limitations of the
PWM inverter topology could be considered. The armature inductance and resistance of the DC
motor act as a filter, filtering the PWM pulses from the H-Bride inverter. If the switching
frequency of the H-Bridge inverter is too low the armature inductance will not provide sufficient
filtering action resulting in a large ripple in the armature current and subsequently large torque
oscillation. The switching frequency of the power devices (IGBTs) is limited to around SkHz
mainly due to switching losses. The PWM ASIC used to control the switching of the devices in
the H-Bridge inverter produces discrete switching frequencies based on its oscillator frequency.
The nearest frequency that the PWM ASIC can produce to SkHz is 4.88kHz. The switching
frequency of the inverter was therefore simulated at 4. 88kHz. The simulations performed in this
section will determine whether more inductance is required in the armature circuit to ensure

sufficient filtering of the armature current.

Ve = 1 I,

» H-Bridge >

Inverter LS+R,
1 3 K
m m
JS+ B -
T,

Fig. 3.3 Block diagram of the model used to investigate the DC motor ripple

current.

The ripple in the armature current can be determined by setting the output of the PWM controlled
H-Bridge inverter to zero (V.= 0) as shown in Fig. 3.3. The H-Bridge inverter then produces
a 50% duty cycle square wave with an amplitude equal to that of DC link voltage (570V) as
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shown in Fig. 3.4. The average voltage supplied to the DC motor by the inverter is zero as the

positive half cycle of the square wave cancels the negative half cycle.
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Fig. 3.4 PWM inverter output voltage

Fig. 3.4 shows the simulated armature voltage that was applied to the DC motor model shown
in Fig. 3.3. Fig. 3.5 and Fig. 3.6 show the corresponding armature current and speed responses

gained from the simulation.
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Fig. 3.5 Armature current ripple due to PWM switching waveform
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Fig. 3.6 Armature speed variation due to armature ripple current

Fig. 3.5 shows that the ripple present in the armature current has a peak value of 17A, which is
17% of the full load current which corresponds to 17% (35.36 N.m) of the full load torque that
the DC motor can produce. The effect of the ripple current on the speed can be seen in Fig. 3.6.
As the task of the DC motor is to load the VSD in the test bed system with a load that can
simulate a pump or fan, it was felt that the ripple torque produced by the ripple current on the
armature was too high. Since the IGBTs of the H-bridge inverter are switching near their
maximum frequency (5kHz), extra inductance is needed in the armature circuit to reduce this
ripple current. Two inductors of 10mH with a resistance of 0.6Q and a current rating of 60A were
available, and were placed in parallel resulting in an equivalent inductor of SmH with a series
resistance of 0.3Q and a current rating of 120A. The ripple on the armature current with the
inductors in series with the armature is shown in Fig 3.7, and has a peak value of 5A resulting in
the DC motor producing a ripple torque of 5% (10.16N.m) of the full load torque. This ripple
torque is close to the frictional torque (measured experimentally) experienced by the DC motor
when running at full speed and is therefore acceptable for use in the test bed system. The speed
variation due to the ripple current was reduced from 0.07rpm to 0.02rpm. Although the ripple

current and therefore the ripple torque produced by the DC motor is not zero the inductors




Chapter 3

Configurable Load Simulations and Load Curve Calculations

Page 3.8

inserted into the armature circuit greatly reduce the ripple torque which is experienced by the

induction motor in the VSD. The addition of the inductors allows the DC motor to more

accurately simulate a pump or fan load.
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Fig. 3.7 Armature current ripple with in line armature inductors
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3.2.3 DC Motor Controller Simulations

For the DC motor to act as a configurable load a current controller is required to control the
armature current, thereby controlling the torque produced by the DC motor. Pumps and fans
follow set steady state torque speed curves, provided there is no change in the physical pump or
fan system (the static head remains constant and the specific gravity of the liquid does not
change). For a pump or fan load to be accurately simulated it is important that the armature
current controller (torque controller) has zero steady state error to ensure that the correct torque
is applied to the induction motor in the VSD. The steady state error of a system is the difference
between the actual value of the variable being controlled (armature current) and its desired value
(desired armature current) once in steady state. Steady state can be defined as the manner in
which the output of the system behaves as time approaches infinity [29]. A PI current controller
is used in the system as it exhibits infinite gain at zero frequency, this characteristic of increased
gain at low frequencies forces the steady state error of the system to zero. The block diagram of
the DC motor and armature current controller is shown in Fig. 3.9. Due to the inverter having a
high switching frequency and the DC motor with added armature inductors having a sufficiently
high filtering effect the inverter can be considered as a controlled voltage source. The inverter is

therefore neglected from the simulation as shown in Fig. 3.9.

Fig. 3.9 DC motor and armature current controller block diagram

The response of the system shown in Fig. 3.9 is limited by three fixed factors namely the DC link

voltage, the PWM switching frequency of the inverter and the dynamic response of the DC motor.
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By correct design of the PI controller (selecting K, and K;) it is possible to alter the transient
response of the system when a step input is applied. The desired system response under armature
current control would be to have a fast settling time and exhibit no overshoot. The PI controller
parameters (K, and K;) required to give the system response described above were selected as
shown below using the pole placement method [29] in the continuous domain. The motor’s
current loop transfer function relating the armature voltage and current, is given by Eq. 3.1.
Eq. 3.1 is gained by substituting the motor parameters given in Table 3.1 and the armature

inductance values into Eq. 2.17 (R, = 0.11+ 0.3Q and L, = 2+5mH).

1,(s)  142.86(s+ 0.04)
V.(s)  (s+4646)(s+12.14)

#lEi= (3.1)

From Eq. 3.1 it can be seen that all the motor system poles and zeros are real and lie in the left-
hand plane indicating that the open loop operation of the DC motor is stable. A PI controller has

a transfer function G(s) [29], as defined in Eq. 3.2

1] K,(s+K)
G(s) = Kp 1+E = f 3.2)

where K is the proportional gain

K, = 1/T, and is the integral gain.

The PI controller possesses a zero at s = -1/T, and a pole at s = 0. The pole at s = 0 forces the
steady state error of the system to zero. The PI controller parameters (K, and K;) may be
determined using the open loop system response. The PI controller gains determined using the
open loop response are then applied to the closed loop system to achieve the desired system
response. The proportional gain K, is determined as follows, the output of the controlling device

(PWM inverter) should not exceed the maximum limit (determined by the DC link voltage) when
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the error signal is at its maximum which occurs when zero armature current is flowing and 100%
(100A) armature current is demanded. K, can be found using Eq. 3.3.
LI

K 5 (3.3)

amax

where Vy, is the DC link voltage

[,may 18 the maximum armature current which may be demanded (maximum DC motor

rating).

Assuming that the DC link voltage never falls below 550V (V,,, = 550V) and the maximum rated
armature current of the DC motor is 100A (I,,,,, = 100A) the limit of K is 5.5. The controller
G(s) =K, (s+K;)/sis inserted into the open loop system resulting in the open loop transfer function
given in Eq. 3.4. The closed loop transfer function is given in Eq. 3.5. Eq. 3.4 is used to plot a
number of root loci to determine a location for the zero such that the desired system response is
achieved. The response of the system is determined by the position of the closed loop poles [29]

and Eq. 3.5 is used to evaluate and check the simulation results obtained.

, 785.73(s+ 0.04)(s+ K,)
T{x)=

= 3.4
7T s(s+ 4646)(s+ 12.14) S

-— 785.73(s+ 0.04)(s + K)) s
(8)= 5844385 + (78573(004+ K )+ 564.0244)s + 314292(K )

The method of pole zero cancellation is used in the design of the PI controller, and a root locus
is used to evaluate the effect of the pole (K;) on the system. The value of K; can be chosen to
cancel two zeros in the system, the first is at s=-12.14 and the second is at s = -46.46. The effect
of placing the pole at s = -12.14 (K, = 12.14) and varying the gain from zero to infinity is shown
by the root locus in Fig. 3.10.
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Fig. 3.10 Root Locus for open loop system with K; = 12.14

From Fig. 3.10 it can be seen that the system is stable for all values of K, as it is moved from zero
to infinity. As K is increased the root locus moves away from the imaginary axis. The response
of the systemtoa 100A step input when K;=12.14 and K, = 5.5 is shown in Fig. 3.11. From
Fig. 3.11 the system also appears to exhibits a steady state error which is due to the controller
responding slower than the increase in the back EMF of the DC motor armature, the controller
therefore applies insufficient voltage to the DC motor to achieve a current flow of 100A. For a
value of K, = 5.5 and K; = 12.14 the system has closed loop zeros at s =-0.04 and s =-12.14 and
closed loop poles at s =-0.0394, s=-12.14 and s=-832.15. The poles at s =-0.0394 and
s =-12.14 cancel with the zeros at s =-0.04 and s = - 12.14 respectively, this results in a dominant
pole being present at s = -832.15. This dominant pole forces the system to act as a first order
system with a time constant of (1/832.15) 1.2mS, the high value of this pole has the effect of
reducing the overall gain of the system (782.73/832.15). The effect of the pole can clearly be seen
in Fig. 3.11 where the time constant of the system may be calculated as 1.2mS and the effect of

the reduced gain can be seen in that the final value of the system does not reach 100A.
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Fig. 3.11 System response to a step input of 100A (K, = 5.5, K; = 12.14)

The effect of placing the pole at s =-46.46 (K; = 46.46) and varying the gain from zero to infinity
is shown in Fig. 3.12. From Fig. 3.12 it can be seen that the system will remain stable for all values
of K, although K, will affect the response of the system. The response of the system to a 100A
step input when K; =46 and K, = 5.5 is shown in Fig. 3.13. For K, = 5.5 and K; = 46 the system
has closed loop zeros at s = -0.04 and s = -46 and closed loop poles at s =-0.0394, s = - 45.97
and s =-798.31. The poles at s =- 0.0394 and s =-45.97 cancel with the zeros at s=-0.04
and s = - 46.46 respectively, this results in a dominant pole being present at s =-798.31. This
dominant pole forces the system to act as a first order system with a time constant of (1/798.31)
1.25mS as can be seen from Fig. 3.13, the effect of the pole on the overall system gain
(785.73/798.31) can also be seen as the system armature current reaches the step input value of
100A. Although the response shown in Fig. 3.13 is slower than that shown in Fig. 3.11 the
response of Fig. 3.13 is preferred as the system is capable of reaching and maintaining the

reference supplied to the controller (100A step).
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Fig. 3.12 Root locus of open loop system with K, = 46.46
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Fig. 3.13 System response to a step input of 100A (K, = 5.5, K; = 46)

The effect of choosing K; = 55 as K is varied from zero to infinity is shown in Fig. 3.14. From
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Fig. 3.14 it can be seen that the system could be chosen to be under damped if K, was chosen
incorrectly (system could exhibit overshoot). The response of the system to a 100A step input
when K; = 55 and K, = 5.5 is shown in Fig. 3.15. For K, = 5.5 and K= 55 the system has
closed loop zeros at s = -0.04 and s = -55 and closed loop poles at s =-0.0394, s = - 55.49 and
s =-788.79. The polesat s=-0.0394 and s =-55.49 cancel with the zeros at s =-0.04 and
s = - 55 respectively, this results in a dominant pole being present at s = -788.79. This dominant
closed loop pole will force the system to act as a first order system (lies on the real axis) with a
time constant of (1/788.79) 1.26mS, which may be calculated from Fig. 3.15. From Fig.3.15 it can
be seen that the system is beginning to exhibit a small amount of overshoot which indicates that
the system is becoming second order and if the gain in the system had to be increased the system

would become second order dominant.
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Fig. 3.14 Root locus for open loop system with K; = 55




Chapter 3 Configurable Load Simulations and Load Curve Calculations Page 3.16

120

100 - —

Armature Current (A)
8 8

5

|

L ]

O 1 1 1 L | F— 1 MO
0 0002 0004 0006 0.008 001 0.012 0.014 0016 0.018 0.02
Time (s)

Fig. 3.15 System response to a step input of 100A (K, = 5.5, K; = 55)

From the root loci and the system responses presented it can be seen that for a value of K; less
than 46.46 the system is first-order dominant (will not exhibit overshoot). When K; is increased
above 46.46 the system may become second-order dominant is the system gain increases. The
proportional and integral gains for the test bed system are thus chosen as K, = 5.5 and K; = 46,
although this does not result in a system with the highest response to a step input it does result
in a system that will not produce any overshoot even if the gain in the system changes due to a

varying DC link voltage.

A Pl armature current controller was designed in the continuous domain using the well-established
method of pole placement. If the discrete controller samples the system sufficiently fast the gains
determined for the continuous PI controller can be used in the discrete controller, this relates to
the Nyquist theorem and standard engineering practice where it is stated that the discrete PI
controller should sample the system at least ten times during the response of the system in order

for the effects of the discrete controller to be ignored [30]. Due to the discrete PI controller
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having a sampling time (102uS) much higher than the settling time of the system (the discrete PI
controller will sample the system 61 times during the settling time of the system) the PI controller
gains determined in the continuous domain can be used for the discrete PI controller. A discrete
PI controller using the gains determined in the continuous domain was simulated with its
associated components (A/D converters, sample and hold circuits) in order to determine if it could
provide the desired system response. A discrete PI controller was implemented as a digital
controller was used in the test bed system. The response of the discrete PI controller to a 100A
step is shown in Fig. 3.16. The sampling rate of the PI controller is set equal to twice the
switching frequency of the PWM inverter (T,= 102 ps), as in the practical system the PI controller
is run in accordance with an interrupt generated by the PWM ASIC, which occurs twice in one

switching cycle.
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Fig. 3.16 Armature current response to step input of 100A for
continuous and discrete time controllers (K, = 5.5, K; = 46.
T.=102ps)
From Fig. 3.16 it can be seen that there is a two sample period time lag (At = 204 us) between
the response of the analog and digital controller. This time delay is due to the nature of the

discrete PI controller and the operation of the PWM ASIC in the PWM inverter. The two sample

period delay can be explained with the aid of Fig. 3.17.
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Fig. 3.17 Block diagram showing origin of two period sample delay
in armature current controller

The first sample delay is due to the discrete PI controller, which is inherent in all discrete PI
controllers. The second sample delay is due to the PWM ASIC used in the PWM inverter which
outputs the corresponding switching waveform on the following switching cycle [16]. When there
is a change to the set point value input to the armature current controller the discrete PI controller
takes one sample period (102 ps) to respond, this response is then fed to the PWM ASIC which
takes a further sample period to output the corresponding switching waveform. Therefore, a two
period sample delay exists between the period when the set point changes to when the control

variable responds.

The simulations performed on the armature current controller and PWM inverter show that it is
capable of controlling the armature current of the 40kW DC motor to be used in the test bed
system. The armature current controller also ensures that there is very little error between the set
point value and the actual armature current which is required when simulating a pump or fan load
on the test bed system. The reference supplied to the armature current controller will be
determined by the type of load being simulated. The pump and fan loads that will be simulated on
the test bed system are determined from the pump or fan characteristics and the system

characteristics.
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3.3 Pump Load Curve Calculations

The loads that industrial equipment, such as pumps and fans, place on fixed and variable speed
drive systems have to be determined so that the armature current reference for the DC motor can
be set. The performance of a pump differs according to the system that the pump is expected to
operate in. To highlight this two pump systems are considered in this study. The first pump system
shown in Fig. 3.18 (System A) has a low static head but a high frictional head. The second pump
system shown in Fig. 3.19 (System B) has a high static head and a low frictional head. The load
these two pump systems place on the AC VSD in the test bed system can be calculated when
using either discharge throttling or speed regulation. The two pump systems are used to evaluate
the possible energy savings when using variable speed to control the flow rate as opposed to

discharge throttling (fixed speed).

Pump system A as shown in Fig. 3.18 comprises of the following sections. The first is a vertical
lift of 3m from the water level of the supply reservoir to the centre line of the pump’s inlet. It is
assumed that the supply reservoir water level remains constant so that the static head in the system
remains constant. An elbow is used to change the pipe direction after which there is a 6m length
of horizontal pipe to the pump. The pump discharges into a 100m of pipe connected to an elbow.
The liquid is then lifted by a further 6m from the centre line of the outlet of the pump, to the

centre line of a 100m pipe transporting the liquid to the discharge reservoir.

100m

6m
6m 100m

3mI o Pump

Discharge
Reservoir

Supply
Reservoir

Fig. 3.18 Pump System A used for determining pump performance
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Pump system B shown in Fig. 3.19 comprises of the following sections. The first is a vertical lift
of 2m from the water level of the supply reservoir to the centre line of the pump’s inlet. Again it
1s assumed that the supply reservoir water level remains constant so that the static head in the
system remains constant. An elbow is used to change the pipe direction after which there is 1m
of horizontal pipe to the pump. The pump discharges into a 1m length of pipe connected to an
elbow. The liquid is then lifted by a further 40m from the centre line of the outlet of the pump to

the centre line of a 1,5m pipe transporting the liquid to the discharge reservoir.

>

1,5m

Discharge
Reservoir

Supply
Reservoir

Fig. 3.19 Pump system B used for determining
pump performance

The pipes and elbows in pump system A and B all have a 127mm inside diameter (5 in. pipe) and
are made of iron. Due to the non linearity of the system and the non linear characteristics of the
pump all performance calculations are done graphically using the pump and system characteristic
curves. Both pump systems A and B have been chosen to deliver the same flow rate of liquid
when running at full speed without any throttling. The two pump systems demonstrate the
importance of considering each system prior to installing an AC VSD in order to achieve energy
savings. This also demonstrates the usefulness of the test bed system which enables pump and fan
systems to be simulated in order to determined the power usage of the AC VSD when performing

an energy savings evaluation.
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3.3.1 Pump System Characteristic Curves

The method used to calculate the system head was discussed in Chapter 2, where it was noted that
the system characteristic curve is determined by the properties of the components in the system.
The component properties are measured experimentally and are displayed in tables [22], [see
Appendix C].
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Fig. 3.20 Pump and system characteristic curves for pump systems A
and B.
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The system head has to be calculated for each flow rate in the system to gain the system
characteristic curve. The system head calculations for pump systems A and B are given in
Appendix C. The two system characteristic curves and the pump characteristic curve are given
in Fig. 3.20 where it can be seen that the pump will produce the same flow rate when operated

in both systems when running at 3000rpm (18 1m’/h).

3.3.2 Flow Control Using Discharge Throttling For Pump Systems A and B

In order to use the test bed system to simulate a pump system which employs discharge throttling
to control the flow rate the torque that the pump would place on the motor for various flow rates

has to be determined.

As discussed in Chapter 2, discharge throttling is a cheap method of controlling the flow rate of
a pump. The main disadvantage of this form of flow control is the inefficiency of the system at
medium and low flow rates. To use discharge throttling on the pump systems shown in Figs 3.18
and 3.19, a throttling valve would have to be placed in the discharge pipe between the pump and

the discharge reservoir.

When the throttling valve is partially closed the liquid experiences a force when it meets the valve,
which causes an effective increase in the friction head of the system. The increased system head
results in the system characteristic curve intersecting the pump characteristic curve at a lower
flow rate, as shown in Fig. 3.21. Fig. 3.21 shows the system curve for three positions of the
throttling valve for pump system A: position Q1 is the flow rate when the valve is completely open
(un throttled), Q2 and Q3 are the flow rates when the valve is being closed. Fig. 3.22 shows the
system curve for the same three positions of the valve in pump system B. The system
characteristic curves for Q2 and Q3 in Figs 3.21 and 3.22 are determined by adding an extra
frictional head (which represents the extra force the valve places on the liquid) to the system head,
after which the total system head is calculated. As the intersection between the pump and system
characteristic curve moves along the pump characteristic curve the system curve does not have

to be calculated for each position of the valve.
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Figs 3.21 and 3.22 show that as the throttling valve is closed the intersection of the system
characteristic curve and the pump characteristic curve follows the pump curve. Therefore the
pump cannot distinguish whether it is operating in pump system A or B as the two system curves
produce the same total system heads for each flow rate that the pump produces. The load torque
produced by the pump will therefore be identical for both pump systems A and B for any given
flow rate. The power required by the pump for both system A and B versus flow rate is shown in
Fig. 3.23. Fig. 3.23 is determined by reading the power requirements for the pump running at

3000 rpm for the various flow rates from Fig. 3.20.

B ——r = | S e e e S
30

2% g 1

0[ =t i 1 L — L —_— k- b )

0 20 40 60 80 100 120 7 140 160 180
Flow Rate (m Jlm

Fig. 3.23 Input power vs flow rate in pump system A and B when using discharge
throttling to control the volume flow rate

When using discharge throttling the speed of the motor remains almost constant (very small
change in the slip), and therefore the torque placed on the motor while driving the pump varies
almost linearly with the flow rate as shown in Fig. 3.24. The load curve shown in Fig. 3.24 is used
in Chapter S, when implementing the controller to simulate the load placed on the VSD running

at fixed speed and using discharge throttling to control the flow rate.
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Fig. 3.24 Pump shaft torque vs flow rate in pump system A and B using
discharge throttling to control the volume flow rate

3.3.3 Flow Control Using Speed Regulation for Pump System A

To enable a comparison to be made between the power usage of a pump system using discharge
throttling and speed regulation on the test bed system, the configurable load must be able to load
the AC VSD with the appropriate load characteristic produced by the pump when variable speed

operation is being used.

The effect of varying the speed of a pump was discussed in Chapter 2, where it was stated that
as the pump speed is reduced its characteristic curve changes in accordance with the affinity laws.
Using the affinity laws for pumps, presented in Chapter 2 (Eqs 2.1 and 2.2), the pump
characteristic curves for various pump speeds can be calculated from the original pump curve. The
pump characteristic curves for a number of speeds have been plotted to determine the intersection
between the system and pump characteristic curves as shown in Fig 3.25. As the speed is reduced

the intersection of the pump characteristic curve at the reduced speed and the system
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characteristic curve (which remains constant) results in a reduced flow rate. The relationship
between the flow rate and the speed of the pump is non linear due to the non linear characteristics

of the pump and system characteristic curves.
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Fig. 3.25 System characteristic curve and pump curves for pump system A with
pump speed varying from 1000 to 3000rpm
From Fig. 3.25 the speed required to produce a specific flow rate can be found and is displayed
in Fig. 3.26. The estimated speed required to produce a specified flow rate is also shown and is
calculated using Eq. 3.6, and is found using curve fitting techniques [14]. It is important to note
that below a specific speed the pump is unable to produce a head capable of overcoming the static

head of the system and at this point the pump stops pumping the liquid.

__(3000-1100)
P (180)"

(3.6)

where n, is the pump speed in rpm

Q is the flow rate.
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Fig. 3.27 shows the variation of the pump input power versus speed, which was found by reading
the power off the pump characteristic curve at the specified flow rate and system head. The pump
ceases to function below 1100 rpm, as shown in Fig. 3.26, but still requires power to be turned.
This power is dissipated as heat inside the pump resulting in possible damage if operated in this
state for prolonged periods of time. The load torque placed on the induction motor of the AC
VSD when using speed regulation can be calculated from Fig. 3.27, by dividing the power by the
speed in rad/sec, the results of which are shown in Fig. 3.28. The torque produced by the pump
can be estimated using Eq. 3.7 which was found using Lagrangian polynomials [14] and will be
used in the test bed controller to enable it to replicate Fig. 3.28 when controlling the DC motor
to load the AC VSD.
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Fig. 3.28 Pump shaft torque vs speed for pump system A
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where T is the load torque produced by the pump
n, is the pump speed in rpm.

3.3.4 Flow Control Using Speed Regulation for Pump System B

To evaluate the effect that a system has on the power usage of the pump and therefore the
possible energy savings when speed regulation is used in place of discharge throttling, the power
and energy usage of system B will be compared to that of system A in Chapter 7. The load that
the pump would place on the VSD in pump system B has to be known prior to performing any
pump simulations on the test bed system. As with pump system A the load placed on the VSD by
system B is determined from the pump and system characteristic curves. Fig. 3.29 shows the pump
and system characteristic curves for system B. From Fig. 3.29 it can be seen that the pumping of
liquid stops at a much higher speed when compared with system A, due to the high static head
present in system B. Fig. 3.29 allows a speed vs flow rate curve to be plotted as shown in
Fig. 3.30. The speed required to produce a specific flow rate in system B is given by Eq. 3.8

which was found using Lagrangian polynomials [14].
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(3000- 2480))
n= moy L+ 2480 (3.8)

where n, is the pump speed in rpm

Q is the volume flow rate.

From the pump characteristic curves the power required to pump the liquid in system B for the
various speeds can be determined as shown in Fig. 3.31. A deflection in the curve in Fig. 3.31 can
be seen at the point where the pump ceases to pump any liquid as it cannot produce the required
head to overcome the large static head present in system B. The load torque that the AC VSD is
subjected to while driving a pump in system B in which speed regulation is used to control the
flow rate can be calculated from Fig. 3.31 by dividing the power by the speed, the results of which
are shown in Fig. 3.32. Fig. 3.32 also shows a deviation in the curve at the point where the pump

ceases to pump any liquid.
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Fig. 3.30 Pump speed vs flow rate for pump system B
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Fig. 3.32 Pump shaft torque vs pump speed for pump system B

The pump torque required at a specific speed can be estimated using Eq. 3.9 which was

determined using Lagrangian polynomials [14]. The estimated curve shown in Fig. 3.32 only
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covers the region where the liquid is being pumped. Below 2480 rpm the flow rate is zero and
points below this speed are of no interest as the pump should never be operated in this state.

T'=-630511x 10~ 10713) + 543429 x 10‘6,112) - 142.07 % 10”2771) +1175.467 (3.9)
where T is the load torque produced by the pump

n, is the pump speed in rpm.

The torque speed and torque flow rate curves presented for a pump operating in system A and B
in which the flow rate is controlled using speed regulation and discharge throttling are used in

Chapter 5 when implementing the test bed control software.

3.4 Fan Load Curve Calculations

To enable a comparison between the power usage of a fan system using dampers to be compared
to the same fan system using speed regulation to control the flow rate, the torque speed curves
for both systems have to be determined. These torque speed curves are used to load the AC VSD

when determining the power usage of the two methods of flow control.

As in the case of a pump the performance of a fan in a system is determined by the fan and system
characteristics. Two types of flow control methods: damper control; and speed regulation are
presented. As the operation of a fan in a system depends on both the fan and system characteristics
a test system needed to be proposed. In Chapter 2 the method for calculating the system curve for
a fan system was discussed and is used to calculate the system curve for a test system. Only one
fan system is presented as fans are selected to operate in a specific system. If the system changes
and the resistance of the fan is operating against changes then the fan should be changed to one

which is more suited to the new system.
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The proposed fan system has the following characteristics. A pressure loss of 2400 pascal when
the flow rate is 12m?/s. This results in an equivalent resistance of the ducting being equal to 16.6
pascals/m’/s>. The system curve can now be calculated from Eq. 2.11 and is plotted on the fan
curve, as shown in Fig. 3.33. The cross sectional area of the ducting is equal to the cross sectional
area of the fan’s outlet (0.532m?), such that no velocity changes occur in the ducting system as

this affects the flow rate due to turbulence.
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Fig. 3.33 Fan and system curve

3.4.1 Flow Control Using Dampers

In order to simulate a fan system where dampers are used to control the flow rate on the test bed
system, the torque flow rate curves have to be known. The effect of closing the damper is an
increase in the system resistance, resulting in the total pressure for a specific flow rate increasing.

The increased pressure created by closing the damper results in a change in the system
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characteristic curve and a corresponding operating point. Since the fan characteristic curve
remains unchanged (constant speed) the operating point moves along the fan curve to the point
of lower flow as shown in Fig. 3.33. The power consumed by the fan remains constant and thus
the torque produced by the motor driving the fan remains constant as shown in Fig. 3.33. The
main point to consider when using a fan running at fixed speed is that the power drawn by the fan
remains independent of the damper settings. Due to this, fan system using dampers become very
inefficient at low flow rates. It is therefore uneconomical to operate a fan at fixed speed in a
system which requires large variations in flow rate. The fan will place 95Nm of torque on the IM

in the test bed system when running at 1500rpm.
3.4.2 Flow Control Using Speed Regulation

For a comparison to be made between damper control and speed regulation the load that a VSD
experiences while driving a fan using regulation to control the flow rate has to be determined. This
method of flow control is achieved by reducing the fan speed; when the fan speed is reduced the
fan characteristic curve changes, while the system characteristic curve remains unchanged, the
operating point for the fan in the system occurs at the intersection of the new fan characteristic

curve and the system curve, as discussed in Chapter 2.

The fan speed required to produce a specified flow rate can be gained from Fig. 3.33 and is shown

in Fig. 3.34. This curve can be approximated by a straight line given by Eq. 3.10.

2000
), = —— 3.10

where n,is the required fan speed in rpm

QO is the desired volume flow rate in m’/h.
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Fig. 3.34 Speed require to produce a specified flow rate for fan system

The power consumed by the fan, as the speed changes, is shown in Fig. 3.35. From Fig. 3.35 and
Eq. 2.5 the torque speed curve shown in Fig. 3.36 can be calculated, furthermore the torque speed

curve can be estimated by Eq. 3.11.

176

= Wﬂf 3.11)

where 7'is the Torque required to drive the fan

nyis the fan speed in rpm.
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The test case for a fan in which dampers and speed regulation are used to control the flow rate

is used in Chapter 5 when implementing the test bed controller.

3.5 Conclusion

The theory for a separately excited DC motor discussed in Chapter 2 was used in setting up a
model of the 40kW DC motor used in the test bed system. The effect of applying PWM switching
waveforms onto the armature of the DC motor was investigated and used to select inductors to
reduce the ripple current. A PI armature current controller was designed in the frequency domain,
whereafter it was simulated and the response was found to be suitable for the test bed system (had
no overshoot and responded rapidly). The PI controller was then transformed into the discrete
time domain and simulated with the PWM inverter and A/D converters and was found to be
suitable for use in the test bed system. The PI controller gains designed in this chapter are used
in Chapter 5 when implementing the test bed system software and the simulated results are

compared to the practical results attained in Chapter 6.

In order to simulate a pump or fan on the test bed system its torque/speed or torque/flow rate
curves had to be determined. Two pump systems were presented in which the flow rate was
controlled by discharge throttling or speed regulation. From the two pump systems the torque
speed curves were determined for the pump operating under discharge throttling. The operation
of the pump when speed regulation is used to control the flow rate was also investigated upon
which a curve relating the flow rate to the speed and a curve relating the torque to the speed was
determined. A fan system was presented where the flow rate was controlled using both dampers
and speed regulation. For the fan system where dampers were used to control the flow rate it was
found that the fan produced the same torque irrespective of the flow rate. A fan system in which
speed regulation is used to control the flow rate was then presented where a curve relating the
flow rate to the speed and a curve relating the torque to the speed was presented. The pump and

fan load torque curves are used in Chapter 5 when implementing the test bed system software.




Chapter 4 Test Bed Construction and Interfacing Page 4.1

Chapter 4

Test Bed Construction and Interfacing

4.1 Introduction

In Chapter 2 and 3 the characteristics of pumps and fans and their respective load characteristics
were described. These load characteristics are required to control the DC motor such that it loads
the AC VSD when evaluating the power usage of the AC VSD when driving a pump or fan. The
AC VSD in the test bed system shown in Fig. 4.1 is loaded by the DC motor, which is controlled
as a configurable load. Before any pump or fan simulations could be performed, the test bed
system hardware had to be constructed. A block diagram of the test bed system is shown in Fig.
4.1, and consists of nine main components. The AC VSD comprises of two components: the
REFU drive and the induction motor. The remaining components, the DC motor, H-Bridge
inverter, PC, PC32 card, PC32 Card Analog interface, PC32 card digital interface and

PWM/tachometer card constitute the configurable load.

Spe | : i
<€ s DC Motor . |nalgc;g?n
pcAsnzaﬁ);rd ( DC Motor Current E v
Interface | r '
) DC Link Voltage i '
DC Supply Current :
PWMand | Jfskie | ] H_Bridge |\ ‘| REFU ' 13 Phase
Tacho Card Interface Inverter [ : VS| : | Supply
3| Pcxncud . I ;
P PC32 Card * I)igi%alh;:;ﬁce N 4 VSD
Hypersignal
Software '
rc | ('on[llg):;abloi

Fig. 4.1 Block diagram of test bed system
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A photograph of the test bed system, excluding the PC and signal conditioning circuitry, is shown
in Fig. 4.2. The induction motor, with associated resolver, is shown on the right, and the DC
motor with associated analogue tachometer is shown on the left. The REFU drive is shown in the
right hand side of the cabinet, on the left of Fig. 4.2. The DC drive consisting of a SKITP module
(H-bridge inverter) and SKIIP module interface is housed in the left hand side of the cabinet next
to the REFU drive.

REFU
Drive

DC Motor
Field Supply

Skiip Modul Analog
: Tachometer

Skiip Module __ Induction
Interface Motor
Series Resolver
Armature
Inductors

Fig. 4.2 Photograph of test bed system.

This chapter describes the individual components that constitute the test bed system, as shown
in Fig. 4.1. The construction of the framework on which the DC motor and induction motor are
mounted is described, whereafter the installation of the REFU drive is described. The operational
principles of the PC32 card are described as this determines the requirements for the
PWM/tachometer card. The design and operation of the PWM/tachometer card are described,
whereafter the operation of the DC drive, in which the PWM/tachometer card is used, is
discussed. For the analogue signals in the test bed system to be measured by the PC32 card an
analogue interface circuit had to be constructed to ensure that the signals from the various

analogue transducers were terminated and filtered correctly. A digital interface for the PC32 card
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was constructed such that the PC32 card could monitor both the REFU drive and H-Bridge
inverter for any faults. The earthing strategy employed in the test bed system is discussed, as a
well earthed system ensures that the electrical noise induced in the signal cables is kept as low as

possible.

4.2 Motor Framework

The framework which holds the DC motor and induction motor had to be constructed such that
both the motors were supported in a position that would allow their shafts to be directly coupled.
The DC motor used on the test bed system is flange mounted. Although this method of mounting
is not ideal, it was used because this motor was available and fulfilled the requirements for the
configurable load. A foot-mounted induction motor was purchased. The frame work for the test
bed system is made from 50 by 100mm channel iron. The DC motor is held in place by a vertical
plate which is supported by four ribs, as shown in Fig. 4.2. These ribs ensure that the force from
the weight of the DC motor is spread over the test bed framework. The induction motor is
mounted on two pieces of channel iron placed across the framework. The channel iron on which
the induction motor was mounted was machined at the point where the induction motor is
mounted so that the DC motor and induction motor shafts line up. The DC and induction motor
shafts are directly coupled by a stiff coupling. A metal cover which covers the rotating
components (coupling on the DC and induction motor shafts) was constructed and fixed to the

induction motor case and the plate holding the DC motor.

4.3 FOC Drive Installation

The AC VSD consists ofa commercially-available, 40k VA, FOC inverter manufactured by REFU,
which produces sinusoidal current waveforms and achieves speed feed back by means of a
resolver [33]. The REFU drive supplies power to a 30kW, four-pole, Siemens motor, as shown
in Fig. 4.2. The resolver used has the same number of poles as the induction motor to ensure that
the correct signals (sinf and cosf) are generated. The supply cables from the inverter to the

induction motor are run in Copex tubing, which has a metal jacket for the reduction of EMI noise.
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The output phase-rotation of the FOC inverter had to be noted, to ensure that the induction motor
rotated in the correct direction, ensuring that the correct sign of the feed back signal was received
by the REFU drive speed control loop. Both the local and remote stop and start buttons, were
wired to enable the user to control the REFU drive from either the panel, or the remote interface,
as shown in Figs 4.2 and 4.18 respectively. A wiring diagram of the external connections to the

FOC inverter is given in Appendix E.

The speed reference for the drive can be derived from a ten turn potentiometer mounted on the
drive, or via a remote speed set point generated by the test bed controller. A selector switch
allows the user to determine which set point is used in the system (as shown in Appendix E

Fig E.2). The setup and commissioning of the REFU drive is discussed in Chapter 6.

4.4 PC32DSP Card

The PC32 card is the digital control platform on which the test bed controller software is
implemented. The PC32 card is a low cost DSP card available from Innovative Integration . The
PC32 card occupies an ISA slot on the host PC’s motherboard and is based upon the Texas
Instruments (TI) TMS320C32 digital signal processor [18], which is capable of a sustained
performance of up to 30 million instructions per second (MIPS) [45]. A photograph of the PC32
card is shown in Fig. 4.3 and the block diagram of the PC32 card is shown in Fig. 4.4.
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Fig. 4.4 PC32 card block diagram [18].

The main components of the PC32 card, as shown in Fig. 4.4 [18], are:

e ISA Bus Interface
The bus interface provides the host PC access and control of the PC32 card’s peripherals and

memory resources via the TMS320C32 processor.
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* PC32 Memory
There are a number of different memory types available on the PC32 Card for various
functions. The card supports up to 512 kWords of program SRAM, up to 256 kWords of
data memory and 1k of 32 bit wide dual port RAM, which can be accessed by the PC32 Card

and the PC (non simultaneously), and is used for inter-processor data transfers.

* Digital 1/0 port
This is a 16 bit wide parallel I/O port, which is TTL compatible and capable of 64mA sink and
48mA drive. The digital 1/O port can be configured as 16 outputs, 16 inputs or as a

combination of 8 inputs and 8 outputs.

* Analog to Digital Converters
The PC32 Card has four sixteen bit analog to digital converters, which can convert an analog
signal in 10us. The incoming signal is internally sampled by the A/D converter prior to a
conversion. The default input range is £10V and passes though a 6 pole anti-alias filter with
a cut off frequency of SOkHz. The start conversion of the A/D converters may be triggered
by either writing to the A/D converter, or externally by TTL signals on the Analog 1/0
connector or by one of the two timers in the TMS320C32 processor [18]. The start
conversion signals are logically ORed with the memory mapped address, this enables memory
mapped start conversions and timer triggered conversions to be mixed. The A/D converters
have an end of conversion signal, which signals the TMS320C32 processor, via one of the

interrupt pins, that the A/D converter can be read.

* Digital to Analog Converters
The PC32 Card has four independent sixteen bit D/A converters capable of updating at
200kHz with a voltage swing of +10V. The D/A converters are double buffered, therefore the
value written to the D/A converter address is only output when an update output signal is
received. The update output signal can be generated by a memory write to the required

location or by a trigger signal from one of the timers on the TMS320C32 processor.
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¢« DECODESO and DECODESI1 address Lines

Two areas within the 1/0 address range of the TMS320C32 processor are further decoded to

enable users to add interface or daughter cards to the PC32 Card. These two decoded areas

are referred to as DECODESO and DECODES]1, whose memory locations are logically 16
bits wide. The DECODESO and DECODES] lines and the TMS320C32 control lines are also

available via a 96 pin expansion header shown in Fig. 4.3.

* PC32 Card Interrupts

There are four interrupts available on the PC32 card, EIO to EI3. The interrupts have been

configured as shown in Table 4.1

Table 4.1 Interrupt Sources for PC32 Card

Interrupt | Source

EIO Spare - used for PWM/Tachometer Card
Ell AD converter pair 0 and 1 complete

EI2 PC interrupt 1 to DSP

EI3 C interrupt 0 to DSP

The PC32 card interrupts are used extensively when implementing the test bed controller software

which is run synchronously with the interrupt generated by the PWM/Tachometer card.

4.5 PWM/Tachometer Card

The PC32 card used in the test bed system provides the host processor and the analog 1/0

required for system control, but does not have any means to control the switching of the power

electronic devices in the H-Bridge inverter described in Chapter 3. The PWM/tachometer card,

shown in Fig. 4.5, was developed to enable the PC32 card to control the switching of the power

electronic devices through the use of a PWM control ASIC, and to gain speed or position

information from an encoder via a tachometer control ASIC.
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Tacho ASIC
Fiber Optic
Transmitters

Fig. 4.5 PWM/tachometer card.

The PC32 card and PWM/tachometer card occupy two ISA slots as shown in Fig. 4.6. Power
for PWM/tachometer card is taken from the ISA slot, ensuring that both the PC32 card and

PWM/tachometer card have a common supply and ground.

¥
PC32 Card »

PWM and
Tacho Card

Expansion

\gi\m . Jo 3 2
: %

Fig. 4.6 Orientation of the PWM/tachometer card inside PC.
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The main components of the PWM/tachometer card are shown in the block diagram in Fig. 4.7.
The expansion header on the PWM/tachometer card allows the card to plug into the PC32 Card
as shown in Fig. 4.6. The address decoding circuitry enables the PC32 card to communicate and
control the various peripherals on the PWM/tachometer card. The fibre optic transmitters provide
a convenient and safe connection between the PWM/tachometer card and the power electronics.
The tachometer interface enables the PWM/tachometer card to be configured such that different

tachometer configurations can be implemented.

Address » PWM | Fiber Optic

> Decoding  }— ASIC Transmitter

Data Bus

PC32 Card Expansion Header

Tacho i Encoder
ASIC Interface

Fig. 4.7 Block diagram of the PWM/tachometer card

An overview of the operational principles of the PWM ASIC is provided, whereafter the address
decoding circuitry and fibre optic interface are described, which enables an understanding of the
operation of the PWM/tachometer card to be gained. The tachometer ASIC and encoder interface
are presented in Appendix D, as these components are not used in the implementation of the test
bed system, they were added to the PWM/tachometer card to ensure that it met the need of a

complete motion control card for the Motion Control Research group.

4.5.1 PWM Controller ASIC

The PWM ASIC used on the PWM/tachometer card, is the PBM 1/87 manufactured by Hanning
Elektro-Werke [16]. The PWM ASIC is a peripheral, which generates the switching signals for
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a three phase inverter. This relieves the host processor from intensive processing and time critical

calculations required when controlling the switching devices in power electronic drives.

The PWM ASIC is a three phase pulse width modulator, which is capable of generating the
switching signals to produce a sinusoidal supply at the required voltage, phase and frequency, with
presetable switching frequencies up to 20kHz. Due to these features the host processor only has
to supply the PWM ASIC with the magnitude of the voltage, frequency and phase required. A
block diagram of the PWM ASIC showing its primary components is shown in Fig. 4.8 [16].

Rl;%ls}t(er Processor [ * INT

A0..1 B :: l(;ll
D0..15 € Processor Pulse [P U2
h Interface Generation Hp (02
RD »- s
WR = 15 5
Control 03
Unit

Fig. 4.8 Block diagram of PBM 1/87

The main components of the PWM ASIC are:

*  Processor Interface
The host processor interfaces to the PWM ASIC via a 16 bit data bus and a two bit address
bus. Data is transferred to and from the PWM ASIC by writing to and reading from specified

registers in the register bank, as described in Appendix D.

* Pulse Generation
The switching pulses controlling the devices in an inverter are output from the pulse
generation module. The output pulses are determined by the data written to the register bank

by the host processor.
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* Processor
This controls the operation of the PWM ASIC and calculates the switching pulses that the
pulse generation unit must output. The processor also produces an interrupt which indicates

when data can be written to the resister banks.

The output pulses produced by the PWM ASIC are determined by the data supplied by the host
processor. The method in which the PWM ASIC calculates the switching pulses is described
below, as this is information is required to understand the procedure followed in enabling the

PWM ASIC to control the DC drive.

The standard connection of the PWM ASIC to a three phase inverter supplying a three phase
machine is shown in Fig. 4.9 (the fly back diodes present in an actual inverter are not shown for
simplicity). The six output signals from the PWM ASIC are TTL compatible and there is a need

for some form of interface between the PWM ASIC and the power electronic devices.

+ )
-/ | ﬁ
DC link =, &
00~ @‘{[H D——H‘M] 3 phase motor
1R 022 - o
PBM 1/87

Fig 4.9 Connection of PBM 1/87 to three phase inverter

The PWM ASIC implements triangular modulation with switching pulses positioned symmetrically
around a switching period. Fig 4.10 shows the modulation switching waveforms and the interrupt

signal produced by the PWM ASIC.
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Fig. 4.10 Switching waveforms and interrupt signal from PWM ASIC

Fig 4.11 shows a representation of the voltage vectors which are supplied to the PWM ASIC.

U
‘
U,
[
ﬁsz
Ub‘ p\ )
ARG — >

Fig. 4.11 Voltage vector representation

The voltages U,, U, and their associated phase angle p may be written to the PWM ASIC, in the

following formats :

L]

o/ components where U,=U,, Uy =Ugand p=0
D/Q components where U, = Uy, U,= U, and p=¢
Polar co-ordinates where U, =U, U, =0and p=¢
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However, irrespective of the format in which the voltage vectors are written, they are internally

transformed to o/ff components.

U is the magnitude of the required output voltages and is calculated from Eq. 4.1.

U= (U, +(U,) @.1)

where U, and U, are the magnitudes of the voltage vectors written to the PWM ASIC by the

host processor.

The phase angle of the output voltage may be calculated using Eq. 4.2

U
Q= p+dp+ arctan( (ThJ (4.2)

a

where: p is the phase angle entered by the host processor
dp is the incremental angle added each switching cycle to produce the output frequency

the arctan term is the phase angle between the voltage vectors U, and U,.

New values of U, and U, need to be supplied to the PWM ASIC after each processing cycle,

otherwise the following conditions are applied to the next processing cycle.

U,=U
U,=0

The normalized output voltage of three phase waveforms generated by the PWM ASIC with
respect to the phase angle is shown in Fig. 4.12. The voltage waveforms generated by the PWM

ASIC has a third harmonic injected into it which increases the efficiency of the inverter [16]. The
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effect of the third harmonic on the output waveform can be seen from Fig. 4.12 were it deviates

from a true sinusoidal waveform.

output Voltage
o
o (&)

o
o

P —

0 180 360
Angle (deg)

540 720

Fig. 4.12 Output voltage of the PWM ASIC as ¢ is varied [16].

Fig. 4.10 shows that the positive going edge of the interrupt produced by the processor unit, on
the INT pin, of the PWM ASIC occurs at the centre of the switching pulses, and occurs twice per
switching cycle or every half cycle. This interrupt indicates the start of the period in which data
may be written to the PWM ASIC for use in the next calculation cycle. Fig. 4.10 also shows that
no switching transitions take place at the rising edge of the interrupt pin so that if the sampling
of the A/D converters are controlled by the INT signal the sampled values will be void of any
switching noise. This technique is commonly known as synchronous sampling in AC drives. Once
the A/D conversion is complete this data can be used by the controller to calculate the next output

value to be sent to the PWM ASIC.
4.5.2 PWM/Tachometer Card Address Decoding
Address decoding is required on the PWM/tachometer card to enable the PC32 card to control

the respective devices on the PWM/tachometer card. The address decoding on the

PWM/tachometer card uses partially address decoded lines already provided on the PC32 card
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in the form of the DECODESO and DECODES| lines. The DECODESO and DECODESI lines

determine the base address for the PWM/tachometer card.

There may be a need to connect other interface cards or PWM/tachometer cards to the PC32 card,
therefore further address decoding is performed on the PWM/tachometer card to enable more than
one card to be connected to the same DECODESO or DECODESTI line. This further address
decoding gives the card an offset address which is selectable by the use of a dip switch and makes
provision for eight cards to be connected to a single decodes line (DECODESO or DECODES1).
Both ASICs are operated in 16 bit bus mode to get maximum performance from both the
TMS320C32 processor and the ASICs. Appendix D gives the relevant information required to

calculate the address of the peripherals on the PWM/tachometer card.

4.5.3 PWM/Tachometer Card Fibre Optic Interface

Fibre optic links are unaffected by EMI and RFI noise and therefore provide a more reliable link
than wire links in most industrial applications and are being used more frequently. The largest
drawback of using fibre optic cables is the cost of the transmitters, receivers and fibre optic cable
itself. A plastic fibre optic link was used with the PWM/tachometer card. This link provides
isolation between the PWM/tachometer card and the power electronic drivers, thereby preventing
any possible problems with ground loops. Noise cannot be introduced into the fibre optic cables
as with copper cables, and plastic fibre optic is easy to work with as it does not need to be
polished after it has been cut, and can be cut with a clean sharp knife. The largest drawback with
this type of fibre optic cable is that it is limited to a maximum length of fifty metres due to the

internal losses in the fibre.

The fibre optic transmitters are mounted on the PWM/tachometer card and are controlled by the
six output signals from the PWM ASIC, via a driver transistor. The fibre optic link also enables
the PWM/tachometer card to interface with power electronic control circuits which operate at

different voltage levels.
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4.6 DC Drive

The DC drive power electronics consist of two main components: the SKIIP module and the
SKIIP module interface as shown in Fig. 4.2. The power electronic devices and their drivers are
contained in the SKIIP module, which is connected to the DC link of the REFU drive. Connecting
the DC drive to the DC link of the REFU drive enables the DC Drive to generate power back into
the DC link when 