
















































































2.7 Delta Conversion On-line UPS

l

Mains AC L+ AC _QM,
pe > T - "

Delta Converter Battery pack Inverter

Figure 2-6: Delta Conversion On-line UPS Topology

Delta Conversion On-Line topology illustrated in figure 2.6 was introduced to eliminate
drawbacks of the double conversion on-line topology. The inverter supplies power to the
load all the time with the delta converter contributing some of the power. When the
mains fail power is supplied from the battery pack [5].

Advantages of the Delta Conversion On-Line UPS
e High reliability and efficiency.

e The UPS provide the best isolation from the power line problems.

¢ Excellent voltage conditioning.

Disadvantages of the Delta Conversion On-Line UPS

« The topology is impractical under 5kVA

® Fairly expensive
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2.8 Proposed UPS Topology
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Figure 2-7: The Proposed UPS Topology

Single
Phase
Load

The proposed topology is a variation of the line-interactive topology that has been
component minimised It consists of link inductors, and a multifunctional converter, which

can work as an inverter and a battery charger bi-directionally.

The advantages of the Proposed UPS Topology

¢ There is no transfer time on power failure.

e Low implementation cost.

¢ (Capable of operating near unity power factor

* Draws balance power from a three-phase utility supplying single-phase load.

» The UPS provide the best isolation from the power line problems.
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Disadvantages of the Proposed UPS Topology

o There are filtering and switching losses involved but less than losses in the
conventional standby UPS.
« No galvanic isolation unless a transformer is added to the input or output of the UPS.

¢ The neutral cannot be grounded.
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3 THEORETICAL CONCEPTS OF THE PROPOSED UPS
TOPOLOGY

3.1 Introduction

The proposed component minimised UPS topology illustrated in figure 3-1 consists of a
three-phase space vector modulated inverter. Which is a converter in the true sense
converts power from dc to ac and vice versa. During normal operation, when power is
supplied by the utility, the magnitude of the inverter voltage is regulated resulting in a
stabilised load voltage independently to the utility voltage. In the meantime the inverter
provides a battery charging function as well. The inverter is connected to the utility
supply through link inductors [9]. The line harmonic currents are reduced based on the
principle that links inductor presents high impedance to harmonics.
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Vsh L2 )
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»+ A Ty
4 Y |
Wb T -[ e LC filter i
4 . - A Load
%NS‘@WE(&)P\M -— i pLilses c > l
inverter
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Figure 3-1: The proposed UPS Topology
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When the mains fail, the UPS will be able to detect that the mains has failed. The utility
supply is then isolated from the UPS through a static switch. Power goes on supplying
the load uninterruptedly. Meanwhile the inverter converts battery power to ac power until
the mains retumn or batteries are depleted.

The notable features of the proposed UPS topology are:

o The ability to draw balanced power from the utility and supplies it to a parallel
combination of single loads.

* Phase lock the inverter output to the mains and use phase angle technique to charge
batteries and regulate the dc bus. Phase angle technique is a method of controlling
power flow through the link inductors by controlling both the magnitude and phase
angle of the inverter output, relative to the incoming mains.

s Regulate the output voltage during both battery charging and battery discharging
mode.

¢ Draw power at close to unity power factor from the utility.

s The ability to supply power to load uninterruptedly with no transfer time during power
outage.

The schematic circuit diagram of the proposed component minimised UPS topology is
illustrated in figure 3-1. The system is made up of three link inductors L1, L2, L3, battery
pack represented on the circuit as Vb, three phase full bridge IGBT inverter and an LC
filter.

Link Inductors

Three link inductors L1, L2 and L3 interface the three phase mains to the inverter. Link

inductors act as buffers, they limit inrush currents from the mains and also filter out high
order current harmonics.
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Three Phase Full Bridge IGBT Inverter

The full bridge IGBT inverter has three pairs of IGBT switches shown on figure 3-1. Each
pair controls a phase by operating the switches at high frequency in such a way that
when top switch is on the bottom switch of the same pair is off. Space vector PWM
pulses for switching the IGBTs are generated from a DSP board.

Battery Pack

The conventional lead acid batteries are used to form the DC bus. The batteries are
charge in two phases, depending on the DC bus voltage. The bulk charge mode where a
charging current is regulated at a specific current. Then the float voltage charge mode,
which is a constant voltage charging.

LC Filter

An LC filter is used for filtering high switching frequencies (10kHz) leaving out the 50Hz
fundamental frequency.

3.2 Basic Theory

The operating principles of the proposed UPS are based on Enjeti, Jae-Ho Choi and
Feng approaches [10]. The operating principles are best explained with help of a
simplified single-phase equivalent circuit illustrated in figure 3-2.

31



+ Yz .

¥z hoad hups

+ +
@ Vs Load Vups
»

Figure 3-2: Simplified single phase equivalent circuit for the proposed UPS

On the circuit:

V., is the mains supply voitage.
X, is the link inductor
V. . is the inverter output.

ups

1, is the inverter output current.

I, is the mains supply current.

£

I,.; is the load current.

Applying Kirchoff’s voltage and current laws in figure 3-2 the following equation can be
derived:

Vo=V +V, (3-1)

Izoad = ‘{ups + Is (3'2)

I, = V (3-3)
JX,

Where X, = al,

Assuming the mains voltage to be a pure sine wave can be expressed as:
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V.@) =V, sin(at) (3-4)
The inverter output is assumed to be:

V(@) =V, sin(ot — ) (3-5)

25

Assuming that the fundamental component of the load current 7, , lags V, . by £, then

ups
L@ =1, sin(et ~ (a+ ) (3-6)
From (3-4) and (3-5), the mains current can be obtained as:

1
oL,

1,()=— [V, sin(ot) -V, sin(ax — @))d(ar)

=1, sin(ex — 6) (3-7)

The phasor diagrams of the above equations are shown in figure 3-3 and figure 3-5. The

first phasor diagram is drawn with angle » =90°. This would be the most likely situation.
In the diagram the inverter voltage phasor V, lags the mains supply voltage phasor V|
by angle ¢ and V, is the voltage across the link inductor, represented by a phasor
joining the inverter voltage V,  to V.

The current through an inductor lags the voltage by 90 degrees, the current phasor 7 is

drawn at 90 degrees to V. I lags V, by an angle &.
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Figure 3-3 Phasor Diagram of singles Phase Equivalent Circuit, y = 90°

Figure 3-4: Phasor Diagram of singles Phase Equivalent Circuit, y = 40°
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Figure 3-5: Phasor Diagram of singles Phase Equivalent Circuit, ¥ = 105°

Note that when y >90°means that the UPS is charging batteries and when
¥y <90°means the UPS is discharging batteries. When y =90° the UPS is absorbing

zero power and the UPS spends the bulk of the time operating at this point.

The magnitude of the supply current/, can be determined by trigonometry, considering

triangle DBC.
=L L @, 2V, cost@) + 7, sin(a))? (3-8)
X, x, Vv o :

The angle # can be given as:

1 (Vs - I/ups COS(O,'))
(e sin(@)’ + ¥, cos(@) -V, )’

@ =sin"

(3-9)
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From figure 3-3 the phase angle y between the UPS voltage V,, and the inverter
current [, is:

y=180°-¢+0-a (3-10)

From equations (3-7) to (3-9), 7, ,()and I (f)are both sinusoidal signals. Note that
1_(#)is independent of load current, and I, ,(¢) is a pure sine wave because they are at
the same node. The supply current is controlled by the phase angle o and by the size of
the inductor X,. The above relationship equations can be used to control power flow

and input power factor.

3.3 Control Principles

There are two conditions of the mains during UPS operation:
e Mains outage condition and
e Mains ac normal operation

3.3.1 Mains Outage Condition

The converter only does a pure inverter function, discharging batteries. It yields
regulated load voltage without considering the phase angle of the output voltage. But the
output voltage phase angle is generated by the DSP in phase with the latest mains

phase angle in its memory. The power flow in this condition excluding switching losses is
given by:

P, =Py, (3-11)
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3.3.2 Mains AC Normal Operation

The challenging part is how to control the converter voltage and phase angle a to
ensure that the battery set is charged and the input power factor stays close to unit. In
this operation mode there are two operating phases:

s The battery set charging phase
¢ The float voltage mode

Power through link inductors is controlled by varying the phase shift angle «. The
relationship between the phase shift angle and power flow is derived from figure 3-4
using simple trigonometry as follows:

Vs si(a) =V, cos(&) (3-12)
Mains supply real power is given by:
P=VI_ cos(6) (3-13)

Substituting for cos@ from (11) we get:

P Vi i in() (3-14)
= ———smn(a -
X

z

The converter can operate bi-directionally, this is supported by the equation of real
power flowing into the UPS bellow:

P e = Vipsd ups ©08(¥) (3-15)

Where cos(y) can be positive or negative value that determines the power flow. Phase
angle ais used for controlling, making 0? <y <180°. If the converter is lossless, the

power going to or coming from the battery £, , will equal P,

ups *
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The battery set-charging phase

The battery set-charging phase is a constant current /,,, charging phase. Power

absorbed by the converter excluding losses is:

P = ‘Pbar = Vbatl bat (3'_16)

ups

The float voltage mode

The float voltage mode is a constant voltage-charging mode, where the dc bus V,, is

regulated at its maximum value by varying the phase angle « .

£ (3-17)

3.4 Power Factor Correction

Input power factor is equal to cos@ where @ is given by equation (3-9)

, -V, cos(a))

cos(f) = (3-18)
Vg SiD(@))” +(F,,, cos(@) ~V,)?
Can also be expressed as:
Vo
cos(8) = up: SI() (3-19)

VW, —V, cos(@))? + (¥, sin(ax))’

Although the amplitude and phase of V. can be controlled to keep a unit power factor,
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the UPS must maintain a specified load voltage. Therefore the amplitude of V__ is

ups

controlled by the duty-ratio of PWM waveforms so as to keep a constant load voltage.

For a special case a =07, the angle & of the input power factor becomes 90° and
consequently only reactive power flows, excluding losses. Which is a useless operation
and should be avoided. Although with this UPS when ac mains is back after a power
outage the UPS first phase locks (a = 0) for about 30 seconds then the phase angle «
is increased accordingly.

The UPS spends most of its operation time with y =90°. At this pint the UPS is
absorbing zero real power and operating at close unit power factor. When the supply

voltage V_ changes the phase shift angle « is also changed so that a constant current

I_ is supplied form the utility. The resulting value of the power factor calculated using

5

equation 3-18 or 3-19, will be determined by the phase shift angle a and the new value
of V., V, . is kept constant all the time.

ups
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4 Space Vector Modulation

4.1 Introduction

Pulse Width Modulation (PWM) has been studied extensively during the past decade,
with different PWM methods developed to achieve the foliowing aims:

+ Wide linear modulation range.

¢ |ess switching loss.

s Less total harmonic distortion (THD) in the spectrum of switching waveform.
« Easy implementation and less computation time [6].

For a long period, carrier-based PWM methods were widely used in most applications.
But with the development of microprocessors, space vector modulation has become one
of the most important PWM methods for three-phase converters [7]. It is a digital
implementation of the PWM modulators, using space vector concept to compute the duty
circle of the switches. Elegant digital implementation is one of the notable features of
space vector modulation and all the above benefits are achieved with this method.

4.2 Theory of SV PWM Technique

Space vector modulation is a method of analysing a three-phase system in terms of
complex space vectors. The method transforms a three-phase stationary co-ordinate
system to an orthogonal co-ordinate system.
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Figure 4-1: Three-Phase Two Level Voltage Source Inverter (VSI).

The structure of a three-phase two level VSI used for this project is illustrated in figure
4.1. Va, Vb and Vc are the line to neutral output voltages of the inverter. Power
transistors Q1 through Q6 shape the output voltages [8]. The Power transistors are
controlled by a, a', b, b’ ¢, and ¢. When upper transistor is switched on (1) the
corresponding lower transistor is off (0).

The relationship between the switching variable vector [a, b, ¢] and the line to line output
voltage vector [Vab, Vbc, Vca] is given by the following equations.

Vab = (a - b) *Vdc (4.1)
Vbe = (b—c)*Vdc (4.2)
Vea=(c—a)*Vde (4.3)

There are eight possible combinations of the on (1) and off (0) states for Q1, Q3 and Q5.
The vector representation of the phase voltages corresponding to the eight combinations
can be obtained by applying the so-called d-q transformation to the phase voltages. A d-
q transformation is an orthogonal projection of [a, b, ¢] onto a two dimensional plan
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perpendicular to vector [1, 1, 1] in a three dimensional co-ordinate system. The d-q
transformation equation is given bellow.

1 1
1 ——~ _1a
vd
[ }: 22 24, (4.4)

Vq —3—0 \/? 3
IV T A | &
4 4

The results are six non-zero vectors and two zero vectors. The nonzero vectors form the
axes of a hexagon, illustrated in figure 4-2. The eight vectors called the basic space
vectors are UQ, U1, U2, U3, U4, U5, U6 and U7. The d-g transformation can be applied
to desired three-phase voltage output to obtain a desired reference voltage Uout in the d-
g plane.

The objective of the SV PWM technique is to approximate the reference voitage Uout

instantaneously by combination of switching states corresponding to the basic space
vectors.

(110)

Us AQgaxis
x
T
!
!
!
!

i T
o % U
. (190 _»
d axis
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Sector 6

Us - 1
(101) jl (101)

Figure 4-2: The Basic Space Vectors

T1 and T2 are the respective duration of which switch states U1 and U2 are applied (the
basic space vectors that form sector containing Uout) For small period time T change in
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reference voltage Uout is tiny.

In the vector space the following rules are obeyed according to the equivalence

principle.
Ul=-U4
U2=-Us
U3=-U6
Uo=-U7=0

Ul+U3+U5=0
In one sampling interval, the output voltage vector Uout can be written as:

U@ =200+ 201+ + L7 (4.5)
T T T

Where 10, t1...17 are the turn on time of the vectors U1...U7.

10,11,.47 >0, Z;ti =7 andT is the sampling time.

According to (4.5) the decomposition of U into U—f(—]?iﬁ has infinite ways. In order

reduce the number of switching actions and making full use of active turn on time for
space vectors the vector Uis split into the two nearest adjacent voltage vectors and

zero vectors UOand /7 in an arbitrary sector.

In sector one, in one sampling time interval T, vector I/ can be expressed as:

-5 205 . 755, D075 (4.6)
T T T T

Where: 7'-T1-7T2=70+T7T720,70>0,77 20
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In linear modulation range the trajectory of U is the inscribed circle of the hexagon and
the maximum amplitude of the sinusoidal line to line voltage is the dc-bus voltage.

Therefore the phase voltage is given by %%f- 4.7)
. . . Vde 2
And Maximum modulation amplitude A/, =—*——=1.15 (4.8)

J3 Vde

M . is 15% more than the conventional sinusoidal PWM.

4.3 Space Vector Modulation Algorithm

Us

axis
(010) 4 U2

110)

Us
(101)

Figure 4-3: Modulation range

Late the length of Uout be M , lllustrated in figure 4-3 above.

Looking at triangle with sides T1/T, T2/T, M and angle the @, applying sine rule:



M 71 1 12 1
T1siné@

, 2 Y1
sin — sin{——4&
3 (3 )

Thus,
T1 2
~:——M ——wt =— M cos(wt + —
TR sin ) 5 cos(. 6)
T2 _ 2 kY1
M n{at) = —=M cos(wt +—
T B n(ax) = 5 ( 5 )

TO+T7=T-T1-T2

Where 2n7r£¢razt=.‘5?s2717:41——;£

(4.9)

(4.10)

The basic vectors and the zero vectors determine the length and angle of Uout. The

decomposition of Uout in ali six sectors is shown in Table 1. Different distribution of TO

and T7 for zero vectors yields different space vector PWM modulators. There are no

separate modulation signals in each of the three phases in space-vector modulation

technique [11]. Instead, a voltage vector is processed as a whole [7].
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Table 3.1 Space Vector Algorithm

(—S3££(atﬁ<.22r)

T6= —‘é—gMTcos(ax + %)

V3

I = ——MTcos(ax+11—7z)
2 6

Sector Algorithm
1
Tl = [—B'—MT cos(ax +£)
(0<@<£) 2 6" | 1T0+T7=T-T1-T2
-3
T2=—‘-/—§—MT cos(a)t+3—z)
2 2
2
T2=—J§MTcos(wt+Lli[~
(K<ax<2”) 2 6 | T0+7T7=T-T2-T3
33 T3~——\/—?EMTcos(a)t+z£)
2 6
3
T 3=—[§—M7’cos(ax+3—ﬂ)
(2_;r<&1<7r) 2 21 T7T0+T7=T-T3~-T4
3 T4-i3——MTcos(at+§iz-)
2 6
4
T4 = —\[——-?’—MTCOS(Q)! +7—7z)
(”<@<47z) 2 6 | TO+T7=T-T4-T5
3 15 =—2J§MTcos(at+%)
5
75= —\EMT cos(aJt+—5—”-)
(_1_1£<mt<§f£) 2 6 | T0+T7=T-T4-T5
3 3 V3 T
T6=—2—‘MTCOS(CIR‘+€)
6

T0+77=T-T1-T6
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5 Proposed Topology Simulations

5.1 Introduction

Simulations were done with an aim to learn, analyse and apply practically the theory of
the proposed UPS topology. Matlab simulations and mathematical simulations were
carried out on a single-phase model to investigate the effects of different variables.
When a compromised solution on the variable was found, matlab simulations were then
carried out on a three-phase model.

Mathematical simulation method was developed using mathematical equations derived
from phasor diagrams in chapter three. Using the mathematical simulation method,
relationships between variables could be easily investigated. The investigations were
carried out to provide insight into the control strategy for the UPS. To find a suitable
compromise solution for each variable, and to ensure that all the objectives of the project
were achieved. Variables that were investigated illustrated in figure 5-1 are:

Phase angle a, supply current 7, UPS current / __, and also supply power, UPS

ups ¥

power, supply power factor and UPS power factor.

Figure 5-1: Phase Angle Range a
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5.2 Matlab Simulations of a Single Phase UPS Model

The single-phase equivalent circuit of the proposed UPS model shown bellow was
simulated. The UPS model with all the measurement tools used for simulation is shown
in Appendix A.

Is

Az lload ups

+ +
C) Ve Load Wips

&

4

Figure 5-2: The Simulated single-phase model of the proposed UPS

The main idea of this project is to control power flow through the link inductor by
controlling the phase angle « . From equation one from chapter three:

p VS in(a) (5.1)
= sin(a .
X

z

it can be seen that the supply power is directly proportional to the sine of phase angle «
but inversely proportional to inductor X, with a constant of proportionality V.V, ..
Simulations were done with an aim of selecting the best range for phase angle « and
selecting the best inductor size X, . Bearing in mind that supply power factor should stay

close to unit all the time during operation of the UPS.
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5.2.1 Supply Current Flow
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Figure 5-3: The Effects of changing Phase Angle and Link Inductance simultaneously on
Supply Current

Figure 5-3 shows the effects that the phase angle and link inductance has on the supply
current. The phase angle was varied between 0 to 30 degrees whilst the link impedance
was varied between 0.47 and 16 ohms. The supply voltage and the UPS voltage were
kept constant.

It can be seen that the current increases with an increase in phase angleaand
decreases with an increase in link inductance.

Note that if V, =V, then V', = 2sin(%4), this illustrated on figure 5-4.

The current that flows is given by:
_ 2V sin(%)
’ X

z

I (5.2)
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Therefore I _is proportional to sin(%4) and inversely proportional to link inductance.

Figure 5-4: Phasor diagram when V, =V,

ups

This means that the smaller the inductor is, the more current will flow through it per small
change in phase angle making it more difficult to control the flow of power when the
inductor is small. A big inductor would mean easier control of power from the supply to
the UPS and also better buffering by the inductor, but less power will be supplied to the
UPS per given charge in phase angle.

Therefore a compromised solution was needed for phase angle range and size of the
inductor to give a stable system and provide the required power to the load at close to
unit power factor.

5.2.2 The effects of changing Phase Angle «

All the simulations in this section were carried out with a constant resistive load under
the following conditions:

Load Power = 7.5 kW

Supply Voltage V= 220V

UPS Voitage V, = 230V

Load current 7, , = 32.6A
Inductor X, =4.5Q
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Phase angle a was changed in steps of 2 degrees from —90° to 90°. When phase

angle ais negative, V.

ups

is lagging V. and power flows from the supply to the UPS. For

this project the possible range for « is from —90° to 0° only allowing power to be

drawn from the mains utility.

From 0° to90°,V

ups

is leading V, and power is flowing from the UPS to the mains utility.

Therefore power from the batteries or any dc supply is supplied to the grid. This shows
that by phase angle control, power can be controlled to flow from the mains utility to the

dc side of the inverter or vice versa.

The effects of changing phase angle o on Supply Power PF and UPS PF

1
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Figure 5-5: The effects of changing phase angle @ on Supply Power PF and UPS PF

Figure 5-5 shows two graphs, supply power factor (PF) and UPS PF plotted against
phase angle. The supply PF is the cosine of the angle between V. and/_, angled. The
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UPS power factor is the cosine of the angle between V, _ and /

ups *

angle ¥ . The angles

are illustrated in figure 5-1. When y is greater than 90 degrees the PF becomes negative

and the UPS will be absorbing power.

Point A on the graph is a special case when phase angle a = 0, V, will be phase
locked to supply voltage V. At this point, during the operation of the UPS a static switch
is switched on connecting ¥, to V. This is only done when V_is within the acceptable

value. The UPS operate at this point for a few seconds allowing the system to stabilise
after switching on the static switch. During this time the angle @ becomes 90 degrees

consequently only reactive power flows from the supply. Therefore phase locking time
should not be too long.

The UPS acceptable power factor range is labelled B on the graph. The acceptable PF
range is when the PF is greater than 0.92.

Point C shown above is very important, 7, is at 90°to V, ., which means that only

ups 7
reactive power flows to the UPS. The UPS does not consume real power at this point.
This means that the load consumes all the supply power. No power is supplied to the
batteries. This is the point where the UPS spends most of its operating time, and the
voltage regulation point. The challenge is to operate the point C within the acceptable PF
range B.

When « is in the range C, angle y > 90° and its cosine negative which means that the

UPS is absorbing power. This is the battery charging range.
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The effects of changing phase angle « on / and 7,

Phase Angle VS Supply Current Is and UPS Current lups
100 — T

i R S L. T
’ . ' ’ v '

5 -
v

Cument

0 20
Phase-Angle

Figure 5-6: The effects of changing phase angle @ on / and /7,

From figure 5-6 it can be seen that the current from the supply and the UPS increases

with the increase in phase angle. The ratio / to/, , depends on the position of the

phase angel and /_ never goes to zero. Unit power factor is achieved when / is equal to

1,,.- When phase angle is zero, current to the load is supplied by the UPS.

The effects of changing phase angle « on Supply Power

x 10 Phase Angle VS Supply Power

Power

e ' . ' : '

1
-100 -8l -60 -40 -20 u] 20 40 60 80
Phase-Angle

Figure 5-7: The effects of changing phase angle @ on Supply Power
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Figure 5-7 shows plot of apparent power, real power and reactive power from the supply
as the phase angle is changed. Power is positive when the utility is supplying power to
the load and UPS, and its negative when the mains utility is absorbing power. The PF is
unity when apparent power is equal to real power. In the graph reactive power is never
negative, it is calculated as:

Prar :\/PVAZ_PW :
= BN~ (PF) (5.3)

Where:

P, isthe supply reactive power
B, is the supply apparent power
P, =P, cos@ is the supply real power and

PF = cos@ is the supply power factor

The reactive power graph is supposed to be negative between phase angle of -20 and
20 degrees.

The effects of changing phase angle o« on UPS Power

x 107 Phase Angle VS UPS Power

2.5 T T T T T T T L |
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Figure 5-8: The effects of changing phase angle & on UPS Power
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The graph of phase angle VS UPS shows that it's possible for the UPS to absorb zero
real power by controlling the phase angle. The UPS is absorbing power for battery

charging in the region where real power is negative.

5.2.3 The Effects of changing the link impedance X,

Current

200

150 |-

100

50

H H - H H H H H
a 2 4 6 8 10 12 14 16 18

Link Inductance Xz VS Is and lups

______________________________________________________

Link Inductance Zx

Figure 5-9: The Effects of changing the link impedance on / and 7,

The effects of changing link impedance were carried out with a constant phase angle of

30 degrees and changing link inductance from 1.5mH to 51mH at 50Hz frequency. The

plot of the results, figure 5-9, / and ]ups decrease exponentially with the increase in link

impedance at the beginning, then rate of decrease of the current became smaller and

smaller as the link impedance was increased. Similar graphs were produced for the

supply power and UPS power flow. Changing the link impedance had no effect on the
supply PF.
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5.3 Mathematical simulations

Mathematical equations derived from phasor diagrams illustrated in chapter four where
used to develop a simulating method. The following equations were used in developing
the simulation method. See figure 5-1 for the labelling of voltages, currents and angles.

V, = (V. =V, cos(@))’ + ¥, sin(e))’ (5.4)

I - ; - .A_f_ JO.,. —V, cos(@)” + ¥, sin())’ (5.5)

Ly =1 +1,0  —2*1,* 1, *cos(a+ S —6) (5.6)

0  sin- V, =V, cos(a)) 5.7)
VW, sin(@))* + (¥, cos(@) -V, )’

y=180°-¢+0-a (5.8)

6 is the angle between V_ and I_, cosine & gives the supply power factor (PF). yis the
angle between V,__ and /

ups ups?

cosine of y gives the UPS PF. If the load is reactive the
fundamental component of the load current 7, , would lag ¥, by an angle B,

illustrated in figure 5-1.

Simulations on the effects of changing phase angle a from —80 to 90 degrees was
carried out under the same conditions as the simulations in simulink. The results from
the mathematical simulations plotted graphs identical to the graphs obtained from
simulink.
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Phase Angle VS Supply PF and UPS PF
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Figure 5-10: The effects of changing phase angle a on Supply Power PF and UPS PF using

mathematical simulations.

Figure 5-10 shows the effects of changing phase angle on Supply PF and UPS PF using
mathematical simulations. The graph is identical to the graph obtained using simulink
figure 5-5, simulated under same conditions. Since mathematical simulations were
identical to simulink simulations and can be easily manipulated to shows effects a and

X, on power flow. Mathematical simulations were used to obtain the graphs that follow.

5.3.1 Power flow when V. =

The simulations below were carried out with a resistive load and the following:

Load Power = 7.5 kW
Supply Voltage V= UPS Voltage

Load current /, , = 32.6A

Angle =0

Inductor X, =4.5Q

= 230V
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Figure 5-11: Power flow when V, =V

ups

When V, = V __, The acceptable PF is achieved within the range —2<q <-20 degrees

ups?

and battery charging only starts when ¢ <-40. See figure 5-10 above.

5.3.2 Power flow when V_ is 10 percent greater than //

ups
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Figure 5-12: Power flow when V/; 10 percent greater than V, .
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Figure 5-12, V. is 10 percent greater than V,  the acceptable PF can not be achieved

the maximum PF factor is 0.9. Battery charging only starts when a <-34 degrees.

5.3.3 Power flow when V' is 10 percent less thanV/,
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Figure 5-13: Power flow when Vis 10 percent less thanV/,

In figure 5-13 Vis 10 percent less than V, . The acceptable PF range is achieved in the

range —18<a <-38 degrees. UPS absorbs power when a <-46 degrees.

5.3.4 Effects of angle / on UPS power flow

If the load in reactive the fundamental component of the load current /,,,, would lag V,,

by an angle g, illustrated in figure 5.1. Charging angle S from zero to about 45 degrees

had no effect on the supply PF, but shifts the angle by a few degrees at which the UPS
starts to absorb power to the left or to the right depending on the size of 4.
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5.3.5 Power flow of a 230V, 5kW UPS System

The central idea is to control flow of power through the link inductor by controlling phase

angle «a, regulating the dc bus without the inverter consuming real power from the

supply. And also to enable battery charging when necessary. The UPS operating at unit
PF all the time.

By careful selection of maximum load power and link inductor size all the desired

objectives of the project can be achieved. The simulations below show results of the
system carried out with the following values:
Load Power = 5 kW

Supply Voltage V', = UPS Voltage V,, = 230V

Load current 7, , = 21.7A (pure resistive), angle =0

Inductor X, =2.5Q

Pawer Factor

0.8

Phase Angle VS Supply PF and UPS PF

Figure 5-14: Power flow of a 230V, 5kw UPS System
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Figure 5-14 shows the power flow of the intended UPS system that would be connected
directly to three-phase mains supply.

Voltage regulation

The UPS regulate voltage at the point illustrated in figure 5-14. At this point the UPS
would be operating within the acceptable power factor range. During voltage regulation it

should be noted that 7/, is controlled by shifting of phase angle«, going to the right of
the voltage regulation point would increase 7, , and going to the left would decrease /.

V __ is controlled by the duty ration of the PWM waveforms. Since the system has no

ups
control of the supply voltage, when supply voltage decreases, phase shift angle is
increased making the mains supply constant current. When the supply voltage is 10%

lower than V.

ups ?

the system can be made to operate in the acceptable PF factor range

as in figure 5-12. So by using a combination of the phase angle control and duty ration of
PWM waveforms the mains can be made to supply constant cumrent, and operating
within the acceptable power factor range all the time. When Vis less than 50% of V,,

the supply voltage is isolated from UPS using a static switch and power to the load is
supplied by the UPS.

Battery Charging

The battery charging range is -90<q <-12 degrees. In this range phase angle control is
used to control the amount of power absorb by the UPS for battery charging. A certain
maximum battery charging current of is maintained. As the battery set charges up phase
angle is gradually reduced causing battery power and battery current to aiso become

smaller. When the battery set is fully charge then 7, would be at 90° to V,,, and UPS

power absorbed would be zero. During this battery charging operation the UPS
maintains ¥, at 230V by controlling the duty ratio of PWM waveforms. In this operating

mode, priority is given to battery recharging. Batteries are charged as quickly as possible
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without considering power factor value.

5.4 Laboratory Prototype UPS

The Laboratory prototype UPS was simulated with a resistive load and the following:
Load Power = 2.5 kW

Supply Voltage V= UPS Voltage ¥, = 100V

ups
Load current /,,,= 15 A (pure)
Angle =0

Inductor X, =1.7Q

Figure 5-14 shows the power flow of the laboratory prototype UPS. V _ was regulated at

ups

100V phase angle at —10 degrees with V_ at 100V.
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Figure 5-15: Power Flow of the Laboratory Prototype UPS
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5.5 Matlab Simulations of Three Phase UPS Model

Three phase simulations were carried out with an aim to applying the single operating
principal to a three-phase system, to understand phase locking and voltage regulation of
the UPS topology. The three-phase UPS model and simulations are shown in Appendix
A
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6 Hardware Description

6.1 Introduction

Following is a description of the hardware used for building three-phase to single-phase
UPS laboratory prototype. A UCT developed board based on the Texas Instrument
TMS320F243 Digital Signal Processor (DSP) was used for control applications. The
reasons for choosing this DSP board are stated below. A brief description of 243_DSP
board and the compiler software is given in this section. This document focuses on the
main functions of the 243_DSP-development board that were used for this project. For
detailed information on the TMS320F243 DSP please see Appendix B.

6.2 Choosing a controller for UPS

Today's low-cost, high-performance Texas Instrument TMS320F243 DSP controller
provides an improved and cost effective solution for the UPS design. The DSP has
integrated peripherals specifically chosen for embedded control applications. These
include the event manager module, which provides general —purpose timers and PWM
registers to generate PWM outputs, and 10-bit analog-to-digital converters (ADCs).

High CPU bandwidth and the integrated power electronic peripherals make it possible to
implement a complete digital control of the UPS design. Multiple control algornthms can
be executed at high speed enabling high sampling rate for good dynamic response [14].

Digital control has the following advantages:

e Programmability, easy to update systems with enhanced algorithms for improved
reliability.

¢ |Immunity to noise

¢ Eliminates redundant voltage and current sensors for each controller.

o System has few components; less engineering time and system can be made
smaller and reliable.

o DSP can communicate to host systems and I/O devices such as LCD displays. [14]
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