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The Phase III - Efficient Lighting for U.S. NAVAL SHIPS

Interim Report

1.0  Infroduction

The first two phases of this program developed a lighting system that improved the
system efficacy from 46 Im/w to 58 Im/w. In addition, the a power factor of 90% was
attained which reduced the supply current by 46% as well as reducing the harmonic
content below 3%. This system is being demonstrated on board a ship for final
acceptance, and is expected to be employed on newly constructed ships.

Phase III of this program explores the development of a still more efficient lighting
system, in which an efficacy of 80 Im/w is the target. The system is a centralized
system in which the 115 volt a.c. is distributed to one or more site on board ship and
converted to a d.c. voltage. The d.c. is distributed on to a large group of lamps. At
each lamp there will be an oscillator that converts the d.c. to a high frequency a.c.
voltage that drives the lamp.

This report is an analysis of the rectifying circuit, its efficiency and an estimated cost.

1.1 Definitions

A% - Line Voltage - r.m.s. - phase-to-neutral
va - Line Voltage, instantaneous, phase "a" to neutral
ia - Line Current, instantaneous, phase "a"
v+ - Rectifier Output Voltage, positive side, instantaneous w.r.t. neutral
v. - Rectifier Output Voltage, negative side, instantaneous w.r.t. neutral
vo -  Rectifier Output Voltage, vy - v-
R - Load Resistance, ohms
L - Line Current, r.m.s. value, phase "a"
lap -  Line Current, peak value, phase "a"
Vap -  Line Voltage, peak value, phase "a" to neutral
Vop -  Line Voltage, peak value, phase-to-phase, also equal to
Peak Rectifier Output Voltage
Pa - Input Power, average value, phase "a" w.r.t. neutral
pf - Power Factor
Vo - Rectifier Output Voltage, rms value
Po -  Rectifier Output Power, average value

Vo,dc-  Rectifier Output Voltage, d.c. compon
1



Vov -  Rectifier Output Voltage, ripple component
an - Amplitude, of Cosine Harmonic

bn - Amplitude, of Sine Harmonic

o - Line frequency, radians per second

t - Time, seconds

2.0 Bridge Rectifier
2.1  Three - Phase Full Wave

Figure 2.1 is a schematic of the three-phase full wave bridge rectifier. The phase
voltages and currents are labelled, and R represents the lighting load.
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Figure 2.1 Circuit Schematic of 3-Phase Full Wave Rectifier
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The voltage and current wave forms are drawn in Figure 2.2 (a, and b), respectively.
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Figure 2.2 Three-Phase Full-Wave Rectifier Waveforms, (a) Voltage, (b) Current
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2.11 Line Current SIé, rms)

To determine the root-mean-square (rms) current, the peak current I, must be
calculated. Iyp is equal to the peak output voltage (Vop) divided by the load resistance.

Vop is the peak phase to phase voltage, or /3 Vap. Vap = {2 V, then Vop = J6 V.
Then ' :

. _V°P=«lev )
ap ~ R R

2 2 1

2n
2
I, rms = i, , where i, = p i, (wt) dot.

0
From wave form symmetry, we can integrate between 0 and n/2. We let x = wt, then

i, =0,0<x<30°

fla = Igpsin (x +30°), 30° < x < 90° then
ia2 = 0.609 l’Zap

I, = 0708 I, = 1.911 V/R
2.12  Total Input Power

The input power to one phase P, is the integral of v, i; over the interval.

2rn

1 .
Pa = 77? J‘Va la doot
0

V2

Pa = 1829 -ﬁ- )

The total power is the sum of each phase or :

V2

3P, = 5.487-—R—



2.13 Power Factor

The power factor is the power divided by the product of the rms current and rms
voltage.

VZ

> 1829 —
PF=—2 = - 0957

Vi, Vx1.91'1%

2.14 Qutput Voltage (Vyrms), Current (I5 rms) and Power (Pj)

[ 2
The r.m.s. output voltage is equal to V Vo. Based upon the symmetry, the function
can be integrated from 0 to n/6, where

oA

x
6
J-V cos ot dwt .
0

2
= 0913 V;

Vop = VY3 Vap = Y6 V, then
Vo (rms) = 2.342V,

Ig (rms) =Vy/R=2342V/R,
Py = Vg2/R = 5485 V2/R,

which checks with the sum of the phases P, + P}, + P, equation 8, for the total input
power. .



2.15 _g,_Qg;le@guyg,Am

The d c. output voltage is,

0de. Vpcosx dx

St— a|a
o

1)
| A| -

3/m Vop = 2339V

2.16 Ripple, Percent Ripple

The ripple voltage is:

2 2
=\/V0 -VO d.c. )

= 0.0981V

% Ripple = V,r/Vg, d.c. = 0.981/2.339 = 4.2%.

2.17 Line Current Harmonics

The amplitude of the current is:

iy = 0, 0<x<mn/6
= Iap sin (ot +m/6) n/6<wt<n/2
= Iap sin (ot -7/6) n/2<wt<5n/6
= 0 Sn/6<wt<7n/6
= Iap sin (wt-m/6) 7n/6 <wt<3n/2
= Inp sin (wt-7/6) 3n/2<wt<11n/6
= 0 1in/2 <ot <2n/



From symmetry, need only consider the function between 0 < wt < /2, thus,

i, = 0, 0°< x < /6
= sin (x + /6) /6 < x < /2
= sin (x - ©/6) n/2 < x £ 5n/6
= 0 ' 5n/6 <x <&

The various harmonic amplitudes b, are for the above conditions:

T

n
0

where n is the order of the harmonic. Since the wave form has odd symmetry, there

b =—2- J‘i (x) sinnx dx,
T a

are no cosine terms. Table I lists the odd harmonics up to the 31st.

Table I. Harmonic Content for 3-Phase System

Harmonic Order

Nine of the harmonics 5th, 7th, 11th, 13th, 17th, 19th, 23rd, 25th and 29th exceed the

Value

1.054

0
0.239
0.119

0
0.095
0.068

0
0.060
0.048

0
0.043
0.037

0
0.034
0.030

Percent

100

0
227
11.3

0

9.0
6.5
0
5.7
4.6
0
4.1
3.5
0
3.2
2.8

U.S. Navy 3% maximum (DOD Specification 1399, Section 300).

The rms value of these components is:



2
JEb, = 1.042

Thus, the power factor is the reciprical of the rms value on 0.960 which checks with
the previous power factor, see section 2.13.

218 Three-Phase Delta-Wye Full-Wave Bridge Rectifier

Since in the previous section several of the harmonics exceeded the Navy
specifications, a more complex rectifier bridge circuit was considered.

Figure 2.3 and 2.4 is a schematic of the drcuit and the phase diagram for the delta-wye
bridge rectifier.
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Figure 2.3 Circuit Diagram, A-Y
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Figure 2.4 Phasor Diagram, A-Y

The normalized voltages shown in the figures are:

Figure 2.5 is a plot of the voltage current wave forms.

Vapbp = 1£0°

Vppep = 1 £-120°

Vepap = 1£-240°

V3/3 £0° Vap
V3/3 £-120° Ve
V3/3 £-240° Voo

/ Vab
Vbe
W ye
Secondary

Ve

1 £30°
1 £-90°
1 £-210°

The circuit operates in the following manner. Both the delta and the wye secondaries
are adjusted so that the phase-to-phase voltages are equal. Therefore, the delta

winding must deliver a voltage /3 times greater than that of the wye winding, so that
the two smaller wye voltages will add vectorially to equal the delta voltage.

At any given instant, the secondary winding (delta) or pair of wye windings with the
greatest voltage difference will determine which diodes will conduct.
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Figure 2.5 Voltage and Current Wave Forms, A-Y
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For example, between 15° and 45°, V' - Vi will be the largest voltage difference,

thus, diodes D4 and D17 will conduct. Secondary windings a'n'and n'b' will conduct
current. Transformer action will cause primary windings ap bp and ¢p bp to conduct.
Because Vypn =1/ /3 Vapbp, then I ppp will be 1/ /3 an.

The current i, between 0° and 15°, flows from C, D3, R, Dg, to v. Accordingly, the

primary current of v3/2 flows in from Cp through winding Cpp, and out bp. Therefore,
i, is zero during this period.

Between 15° and 45°, the secondary current flows from n' through winding a'n'
through Dy, R, Dy through (winding b'n to n'). Since current flows in two legs of the
secondary, current must also flow in two legs of the primary. Thus, a current of 1/2
flows from ¢, through winding bpcp and out bp. The other current of 1/2 flows from
ap through winding apbp and out bp. During this period current of 1/2 each flows
from ap and ¢, and a current of 1 flows out by,. The value of i, is +1/2. Similarly, one
can construct the entire wave form for ij.

i, = 0, 0° < x < 15°
= 1/2 sin (x + 60°), 15° < x < 45°
= J3/2 sin (x +30°), 45° < x £ 75°
= sin X, 75° < x £105°
- J3/2 sin (x - 309, 105° < x < 135°
= 1/2 sin (x - 60°), 135° < x £165°

= 0, 165° < x £180°

11



Angle

0-15°

15°-45°

45°-75°
75°-105°
105°-135°
135°-165°
165°-195°
195°-225°
225°-255°
255°-285°
285°-315°
315°-345°

345°-360°

Table II Sequence of Events in the A-Y Rectifier

Max Volts

Ve~ Vp

Va - Ve
Vb' - VC'
Vb - Ve

Vb" Va'

Diodes
Conduct

3,8
4,11
1,8
4,12
1,9
5,12
2,9
5,10
2,7
6,10
3,7
6,11

3,8

Secl

b—c
b'—-n'

n'—a'

b—a
c'—=n'
n'—a'

c—a
c'—n'
n'—b’

c—b
a'—=n'
n'—b’

a—b
a'-»n'
n'-c¢'
‘a—C¢
b'—n'

n'-¢'

b—c

12

Pril

by

.y
&

ia ip ic
0 ~3/2  +J3/2
-1/2 +1/2
+1/2 -1/2
+3/2 /372 0
+1/2 -1/2
+1/2 -1/2
+43/2 0 -3/2
+1/2 -1/2
+1/2 -1/2
0 +/3/2  J3/2
-1/2 +1/2
+1/2 -1/2
372 /372 0
-1/2 +1/2
-1/2 +1/2
~3/2 0 +v3/2
-1/2 +1/2
-1/2 +1/2
0 ~3/2  +J3/2



2,19 A-Y Line Current Harmonics

The line harmonic by, is
T
b =Z—Ji sin nx dx.
n T a
0
Table 4 lists the harmonics of the A -Y full wave bridge rectifier.

Table 4 Harmonic Content for Delta-Wye Bridge Rectifier

Harmonic Order ) Value

Percent
1 0.977 100
3 0 0
5 0 0
7 0 0
9 0 0
11 0.095 9.8
13 0.068 7.0
15 0 0
17 0 0
19 0 0
21 0 0
23 0.043 4.4
25 0.037 3.8
27 0 0
29 0 0
31 v 0 0
35 0.028 2.8

The power factor is the square root of the sum of the percent harmonics. Which for
the delta-wye system is 0.99.
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220 Delta-Wye Qutput Voltage

[. 2
V0 (rms) = 2

From wave form symmetry we can integrate the portion of the voltage wave form *
between 0 and nn/12 where:

0, d.c.

= 0.9885 V,p.

The voltage ripple

2 2
V, =V, V., -V " =0016 V,

Or op 0 Odec. P

% Ripple = 1.6% . .

3.0 Di ion

14



3.1 El ical Circuit Param

U.S. Naval ships provide 115 volts a.c. 60 Hz three phase delta. The voltage V, the
phase to neutral voltage is 115/43 (if there was a neutral). The peak output voltage
Vop willbe /6 V = /6 x 115//3 = 1626 volts.

For the three phase full wave rectifier bridge the d.c. output voltage
Vo, d.c. = 0.955 Vo, = 155 volts. The d.c. current Iy 4. is based upon driving 600 F17 T12
lamps, where each lamp draws 15 watts, or 97 ma. The total current for each rectifier
circuit is 58.2 amperes. The load R is 2.66 ohms.

The d.c. voltage V4 ¢, for the delta-wye full wave rectifier is equal to 0.988 V, = 161
volts. The current drawn by each ballast is 93.2 ma. The total current drawn by 600
lamps is 57.8 amperes. The load-R is 2.79 ohms.

3.2 System Efficiency
3.2.1 Three Phase System

The only significant loss will be the rectifier's foward voltage drop. At any given time
two diodes will be conducting, each having a foward voltage drop of 0.5 volts for a
total of 1.0 volts. The losses would then be 1.0 x 58.2 = 58.2 watts. The total input

power is 155 x 58.2 = 9,021 watts. The output power is 8963 watts for an efficiency of
99.4%

3.2.2 Delta-Wye System

The delta-wye system requires either two transformers on one transformer with two
sets of secondary windings. The transformers are typically 98% efficient. This system
requires 12 diodes but only two will be conducting at any time. Therefore, the rectifier
efficiency is 99.4% The overall efficiency will be 97.4%

3.3 D.C. Operating Voltage

The d.c. output voltage for either system is about 160 volts. We were concerned if this
was a suitable input voltage for the oscillator circuit which drives the lamps. We
contacted three solid-state ballast developers and we're informed any d.c. voltage
below 250 volts would present no problem.

15



34 Panel Size

Presently existing 20 watt fluorescent lamps with the present low power factor ballast
draw 0.38 amperes. A high power factor high frequency system operating the F17 T-12
lamps will provide the same light output drawing only 0.1 amperes. For a 50% circuit
loading, a 20 ampere branch can operate 26 standard lamp systems while the 155 volt
d.c. 20 ampere branch will operate 100 lamps.

Direct current panels will have only two buses, positive and negative. A 100 ampere
panel loaded to 60% can feed six 10 ampere branches. At 0.1 ampere per lamp, each
branch can operate 100 lamps for a total of 600 lamps for each panel. A medium sized
ship with 6000 lamps would require ten 100 ampere panels. It would be most
convenient to rectify the 115 volt a.c. at the 100 ampere panel and distribute the d.c.
locally to the six branch circuits. This approach appears more reasonable than
employing a single 1000 ampere rectifier and distributing the d.c. throughout the ship.

3.5 Emergency Lightin

Although Naval ships have back up generators, further back-up for lighting key areas

are possible with this d.c. system. It is possible to employ individual batteries and key
fixtures that operate a lamp for a considerable amount of time. During normal
operation, the battery can be charging, thus, some illumination would be available
immediately after a generator failure.

3.6 System Cost
3.6.1 Three-Phase System

For the 100 ampere service, we selected to estimate the costs using the 1N2789 rectifier
which is rated at 50 amperes, 400 peak inverse voltage. This rectifier cost $1.90 each
in quantities of 1,000 or more. This rectifier is adequate since each diode conducts
only 1/3 of the time and the peak current rating of the 1IN2789 is 600 amperes.

The three phase full wave bridge rectifier requires six diodes or $11.40 per 100-ampere
panel. The component cost per lamp, for operating 600 lamps, is $0.019. The cost is
virtually negligible per lamp. As we will discuss later, to meet the harmonic content
criteria, some filtering will be required and will add to the above cost estimate.

3.6.2 Delta-W m

The delta-wye system will require twelve rectifiers and the component cost will be
$22.80 per 100 ampere panel. This system will also require a 16 KVA three-phase
transformer with two secondary windings, costing $450. The total component cost is
$472.80 or $0.79 per lamp.

16
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3.7 mparison of m
Table I list the value of parameters of interest for both systems.

Both systems have suitable characteristics with regard to ripple, power factor,
efficiency. The three-phase system has the higher efficiency and a much lower cost.
The delta-wye system exceeds the performance of the three-phase system in the
remaining parameter (harmonics).

One important specification that is violated for both systems is the harmonic content.
However, the delta-wye system has no 5Sth, 7th, 13th and 15th components:.

The harmonic cancellation is theoretical and depends upon exactly matching the delta
and wye output voltages. A mismatch will generate some 5th and 7th harmonics; the
amplitude will depend upon the severity of the mismatch.

Regardless, both systems will require some filtering. It is not possible to determine
whether the delta-wye system with light filtering will be superior to the single full-

wave bridge with heavy filtering. This will have to be determined experimentally.

Table I Comparing 3-Phase and Delta-Wye Systems

Parameter Three Phase Delta-Wye

dc Voltage (Volts) 155 161
(Amps) 100 100
% Ripple (%) 4.2 1.6
Power Factor 0.957 0.990
Efficiency (%) 99.4 97.4
Cost ($/lamp) 0.019 0.79
Harmonics (%)

22.7 (5) 9.8 (11)

11.3(7) 7.0 (13)

9.0(11) . 4.4 (23)

6.5(13) 3.8 (25)

5.7 (17) 2.8 (2.8)

4.6 (19)

4.1 (23)

3.5 (25)

3.2(29)

2.8 (31)

17



4.0 Lightin m

Figure 4.1 is a schematic drawing of the lighting system that shows a single 100
ampere panel. The schematic includes an emergency system in which the battery can
maintain a group of lamps (dotted box), or can be placed at the site of the desired
lamp. The above suggestion would not eliminate the need to filter the above bridge
rectifiers.

The high efficiency indicates that this concept will further increase system efficiency,
however the excess harmonics must be addressed. New tasks must be added for
FY1988 and include: 1) experimentally determining a filter to reduce to harmonics; 2)
characterizing the high frequency operating conditions for the F17 T-12 fluorescent
lamp to provide guidelines for designing the oscillator circuit and 3) selecting one or

two possible vendors to submit an oscillator circuit for operating the efficient Navy
F17 T-12 lamp.

These tasks will provide the information to determine the feasibility of the proposed
centralized lighting system.

5.0 Recommendations and Prognosis

The centralized lighting system with respect to the rectifying system appears to be an
attractive approach. The cost and reliability of this portion of the system are very
attractive. One important question is the requirement for filtering the harmonics that
exceed the U.S. Naval specifications.

- It would be of interest to review the technical aspects of the harmonic specifications,
i.e., the 3% limit to all harmonics. Since a power distribution system impedance is
usually inductive, the magnitude of the impedance will rise with frequency and be
most susceptible to higher frequencies. For example, a 5% 3rd current harmonic
would cause far less voltage distortion than would a 2% 31st current harmonic. It
may be more logical to apply a maximum permissible limit which varies as K/n,
where n is the harmonic order and K is a constant not yet determined.

The above suggestion would not eliminate the need to filter the above bridge
rectifiers.

The high harmonic content indicates the next tasks must include: 1) experimentally
determining a filter to reduce to harmonics, 2) characterizing the high frequency
operating conditions for the F17 T-12 fluorescent lamp to provide guidelines for
designing the oscillator circuit and 3) selecting one or two possible vendors to submit
an oscillator circuit for operating the efficient Navy F17 T-12 lamp.

This task will provide the information to determine the feasibility of the proposed
centralized lighting system. '

18
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Figure 4.1 Schematic Layout of Central Lighting System
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