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A Design Methodology for Smart LED Lighting
Systems Powered By Weakly Regulated
Renewable Power Grids

Chi Kwan Lee, Member, IEEE, Sinan Li, Student Member, IEEE, and S. Y. (Ron) Hui, Fellow, IEEE

Abstract—The increasing use of intermittent renewable energy
sources to decarbonize electric power generation is expected to in-
troduce dynamic instability to the mains. This situation is of partic-
ular concern for mini-grids or isolated grids in which wind and/or
solar power sources are the dominant or the sole power sources. In
this paper, we utilize the photo-electro-thermal theory to develop
a design methodology for LED lighting systems for weakly regu-
lated voltage sources, with the objectives of minimizing the fluctu-
ation of the human luminous perception and adopting reliable LED
driver with long lifetime and robustness against extreme weather
conditions. The proposed LED system, practically verified in a 10
kVA small power grid driven by an ac voltage source and a wind
energy simulator, can be considered as a smart load with its load
demand following the power generation. A typical swing of 40 V
in the mains will cause only 15% actual light variation in a 132 W
LED system when compared with 40 % change in 150 W high-pres-
sure-sodium lamp system. The design methodology enables future
large-scale LED systems to be designed as a new generation of
smart loads that can adapt to the voltage and power fluctuations
arising from the intermittent nature of renewable energy sources.

Index Terms—Isolated power grids, light-emitting diodes,
lighting systems, mini-grids, renewable power sources, smart
loads.

NOMENCLATURE
Pheat Heat generated in each LED.
Py LED power.
kp, A constant representing the portion of Py that
turns into heat.
Vi Voltage across each LED.
1 Current in each LED.
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Ths Heatsink temperature.

T, Ambient temperature.

Ry Thermal resistance of the heatsink.

Rj. Junction-case thermal resistance of LED device.

ke The rate of reduction of the efficacy with junction
temperature.

FE, Luminous efficacy at 25 °C.

T, Room temperature of 25 °C.

0. Luminous flux.

I. INTRODUCTION

ITH THE increasing public awareness of global

warming, many governments have already decided to
substantially increase renewable energy sources as a means to
decarbonize electric power generation. For the U.S., U.K., and
China, a target of at least 20% of the total electric power gen-
eration coming from renewable energy sources has been set for
2020 [1]-[3]. It is envisaged that renewable energy sources will
contribute to over 50% by 2050 in some countries. Due to the
intermittent nature of renewable energy sources, such as wind
and solar energy, potential voltage stability problem arising
from the dynamic changing nature of renewable power gen-
eration cannot be ignored [4]-[8]. The dynamically changing
nature of renewable energy sources could lead to instantaneous
energy imbalance particularly in mini or isolated power grids,
resulting in poorly regulated voltage mains.

LED lighting has recently been promoted as an emerging
technology to replace incandescent and fluorescent lamps
[9]-[11]. This project targets the design methodology for LED
lighting systems that may be powered by weakly regulated
power grids. The essence of the project is to highlight the
advantageous features of properly designed LED systems as
a new generation of smart loads that may adapt to possible
voltage and power fluctuations due to the intermittent nature of
renewable energy sources. Examples of applications being con-
sidered include public lighting systems such as road lighting.
The prime objective is to reduce, as far as possible, the lumi-
nous flux variation in the presence of fluctuating mains voltage.
The second objective is to adopt reliable lighting technology
that has minimum maintenance requirements and long lifetime
because public lighting may be subject to extreme weather
conditions such as wide temperature changes and lightning.

1949-3053/$26.00 © 2011 IEEE
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Fig. 1. Simplified steady-state thermal equivalent circuit with N LEDs
mounted on the same heatsink [12].

In this paper, the interactions of the photometric, electric,
and thermal characteristics of an LED system are first consid-
ered. Based on their characteristics as described by the photo-
electro-thermal theory [12], a design methodology is proposed
so that the variation of the luminous output of the LED lighting
system arising from the dynamic fluctuation of the ac mains can
be minimized in real time. In particular, the passive LED driver,
with only a few circuit components and without using any active
power electronic switches and electrolytic capacitors, is used in
the design process so as to increase the robustness and relia-
bility of the LED lighting system. An LED lighting system fed
by a 10 kVA weakly regulated wind simulator has been set up
for practical evaluation. The luminous flux measurements in the
presence of dynamic voltage mains fluctuation have recorded as
proof of the validity of the proposal.

II. LuMINoOUS FLUX OF LED AS A FUNCTION OF HEAT AND
POWER

The interactions of the photometric, electric and thermal be-
haviors of an LED system have been recently addressed in [12].
It has been shown that, for an LED system consisting of N LED
devices mounted on the same heatsink, a simple thermal model
can be developed as shown in Fig. 1.

The heat generated in each LED is defined as

Pheat = knPg = knValy. (D

The procedure for measuring kj, can be found in [9]. The steady-
state heatsink temperature T}, can be expressed as

Ths = Ta, + Rh,s(NPheat) = Ta + Rhs(NkhI)d)- (2)

The junction temperature 7} of each LED is therefore

T_] = Ths + Rj(’(Pheat) = Ths + R](’(khpd) (3)

Since the luminous efficacy can be approximated as

E=E,|1+4ko(T; - T,)] for E > 0. (4)
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Fig. 2. Relationship of luminous flux and LED power.

The total luminous flux ¢, is ¢, = NEPy

¢ = NEo {[1 + ke(T, — T,)] Py + keky(Rjc + NRy,s) P}
&)
Equation (5) highlights the relationship of the luminous
flux as a function of both power and temperature. For a given
heatsink design, such relationship can be graphically shown in
Fig. 2. This curve is like a parabolic one. It should be noted
that the internal junction temperature of the LED packages
exerts strong influence on the luminous output. The theoretical
curve (Fig. 2) based on (5) highlights this important point.
It can be seen that this curve increases almost linearly when
the LED power is small. During this low-power operation, the
junction temperature remains low and the luminous efficacy
of the LEDs remains high. Thus, the luminous flux increases
almost linearly with LED power. As the LED power continues
to increase, so does the internal junction temperature. Since the
luminous efficacy decreases with increasing internal junction
temperature, the luminous flux will reach its peak value and
then starts to fall even if the LED power continues to increase,
because the detrimental effects of the junction temperature on
the luminous efficacy are larger than the increase in LED power
of generating more light output. For different thermal designs
using different values of Ry, a set of curves can be plotted as
a design tool.

III. DESIGN METHODOLOGY

Careful observation of Fig. 2 indicates that top part of the par-
abolic curve has the smallest sensitivity (i.e., d¢, /dPy). As pre-
viously mentioned, a weakly regulated power grid has a certain
degree of dynamic fluctuation in the mains voltage. If a highly
reliable passive LED driver without closed-loop power control,
semiconductor switches, and electrolytic capacitor (Fig. 3) [13],
[14] is used for powering the LED lighting system, power vari-
ation as shown in Fig. 4(a) may occur. However, if the power
variation is allowed to occur in the top region of the parabolic
curve as shown in Fig. 4(b) or Fig. 4(c), then the variation of the
luminous flux remains small. Therefore, a proper thermal design
should in principle allow a design of the LED lighting system
to be relatively insensitive to the mains voltage fluctuation in a
weakly regulated power grid.

Another reason that accounts for the reduction of luminous
flux fluctuation is the automatic adjustment of the pupils of
human eyes. The relationship between the actual amount of light
and human perception is actually nonlinear (following a square
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Fig. 3. Passive offline LED driver [14], [18].
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Fig. 4. (a) Typical lamp power variation with small ripple. (b) Example of re-
ducing luminous flux variation using the top region of the flux-power curve.
(c) Example of reducing luminous flux variation using the left-hand side of the
flux-power curve [13].

law curve) as shown in the website of the Illuminating Engi-
neering Society [15] in Fig. 5. It can be seen that in a well-lit
environment, a large reduction of actual light leads to only a
small reduction of light in human perception because the pupils
will dilate to allow more light to reach the retina. However, in
the dark region of this nonlinear curve, a small reduction of ac-
tual light will result in a relatively large reduction of light by
human eyes because the pupils have fully dilated in a dark en-
vironment. Strictly speaking, the curve in Fig. 5 is the scotopic
response of human eyes, meaning that it is a curve for a bright
environment. For road lighting study, it is more appropriate to
use the mesopic response. [Note: Mesopic refers to a regime
between a bright environment and a dark environment.] How-
ever, there is no standard curve for the mesopic response [15]
because it may involve a set of curves. Fig. 5 is the only interna-
tionally accepted curve that we can use to provide an indication
of human perception of light.
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Fig. 5. Relationship between actual measured light and light perceived [15].

IV. PRACTICAL EVALUATION

A. Design of the LED System With Reduced Luminous
Sensitivity to Power Fluctuation

Based on the photo-electro-thermal theory, an LED system
with reduced luminous sensitivity to power fluctuation has been
designed and developed. The objective of the design is to choose
a thermal design so that the luminous flux and LED power fol-
lows the parabolic curve as shown in Fig. 4. In this prototype, 36
units of Sharp GW5BC15L02 LED packages are used as an ex-
ample. It should be noted that systems based on other LED pack-
ages can also be characterized accurately by the photo-electro-
thermal theory [12]. The LED electro-optical characteristics are
listed as follows.

e Output power: 3.7 W (typical); 4.4 W (maximum) per de-

vice.

* Forward voltage Vp: 10.2 V (typical) @ Ir 360 mA, T¢

25 °C.
¢ Luminous flux @: 280 Im (minimum) @ [ 360 mA, T¢
25 °C.

» Package thermal resistance I2;.: 6.5 °C/W.

Thirty-six LED devices are arranged on 9 modules to form
a 132 W LED lighting system for experimental evaluation. The
details of this LED lighting system are listed as follows.

Specifications of LED lighting system:

e Input power: 132 W (typical); 158 W (maximum).

» Total number of LED modules: 9.

e Number of LED devices per module: 4.

* Heat-sink thermal resistance: 5 °C/W.

* The circuit parameters for the passive LED driver (Fig. 3)

are: L; = 1.44H, L, = 0.34 H, and C; = 66 uF.

The patented passive LED driver [18] uses two inductors of
1.44 H and 0.34 H. These inductors are of similar sizes of the
magnetic chokes used in existing road lighting systems based on
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Fig. 6. Measured relationship of the output luminous flux and input power the
LED lighting system. (The readings of the luminous flux are normalized to 132
W @220 Vac input.).

high-intensity-discharge (HID) lamps. So there is no size disad-
vantage. The entire passive LED driver can be housed inside the
lamp post. Since the output of the LED driver is a dc current,
the cable between the LED driver and the LED fixture does not
have to be short. Thus, the passive LED driver can be located
near the ground instead of on the top of the lamp post. Based
on this thermal design, the relationship of the luminous flux and
LED power is measured and plotted in Fig. 6. It can be seen
that as the LED power moves along the top region of this curve
where the slope is small and the fluctuation of the luminous flux
is minimal. In other words, the sensitivity of the luminous flux
of this LED system towards the fluctuation of the mains voltage
(and thus LED power) has been reduced. The curve of Fig. 6 fits
in well with the characteristics as explained in Fig. 4. Another
important issue about the choice of the nominal power being set
below the maximum rating of the LED package is to improve
the lifetime of the LED [17]. Together with the use of the pas-
sive LED driver (without electrolytic capacitor, power switches,
control electronics, and auxiliary power supply), the proposed
LED system offers a highly reliable solution to road lighting
systems that are subject to extreme weather conditions such as
lightning and wide temperature variations [13]. Consequently,
the proposed system can reduce the maintenance requirements.

The relationship of the LED system power with the input ac
voltage of the passive LED driver (Fig. 3) is then measured and
plotted in Fig. 7. This relationship is found to be fairly linear
and will be used to derive the instantaneous luminous flux of
the entire LED system. It should be noted that such linear re-
lationship between ac mains voltage and system power is also
found in existing magnetic-ballast-driven high-pressure-sodium
(HPS) lamps commonly used in road lighting systems as re-
ported in [16].

B. Tests as a Smart Load in a Weakly Regulated Power Grid
With Renewable Energy Source

An experimental setup of a small and isolated power grid sup-
plied by a wind-power driven 10 kVA inverter has been set up in
the Maurice Hancock Smart Energy Laboratory, Imperial Col-
lege. A prerecorded wind profile is used by a 10 kV power in-
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Fig. 7. Measured relationship between input voltage and input power of the
132 W LED lighting system.
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Fig. 8. Schematic of the experimental setup of the power grid and loads.

verter to create a dynamically changing voltage source that is not
well regulated. The schematic of the setup is shown in Fig. 8.
The weakly regulated power supply is used to feed the proposed
lighting system and an electric load. Consequently, the intermit-
tent nature of the wind speed causes the mains voltage to fluc-
tuate. In the setup, the mains voltage varies within the range of
200 V to 240 V, which is larger than the typical £6% tolerance
for an ac mains with a nominal voltage of 220 V.

The measured ac mains voltage and total load power are cap-
tured and plotted in Fig. 9. An opto-transistor is used to mon-
itor the instantaneous variation of the light output of the LED
system. The actual light variation is recorded and fed into the
mapping in Fig. 5 so that the human perceived light can be esti-
mated. The relative variations of the measured ac mains voltage,
the measured actual light and the projected human perceived
light are plotted in Fig. 10. It can be seen that, a swing of 40 V
(from 200 V to 240 V) causes an approximate 35% peak-to-peak
power variation, which in turn would lead to a peak-to-peak fluc-
tuation actual light of 15%. The projected peak-to-peak varia-
tion of human perceived light is about 7%.

In existing road lighting systems, the dominant technology
is still the use of high-intensity-discharge (HID) lamps driven
by magnetic ballasts. Such technology has been used for over
half of a century. It has been reported in Fig. 9(c) and Fig. 9(d)
of [16] that a variation of 40 V in the mains voltage will lead
to about 35% change in system power and 46% change in ac-
tual light output for 100 W SON-T high pressure sodium (HPS)
lamp systems; 32% change in system power and 40% change
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Fig. 9. Measured voltage and input power of the LED lighting system with
other resistive load under a weakly regulated renewable power grid set for a
nominal value of 220 V.
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Fig. 10. Measured input power, actual light, and perceived light of the LED
lighting system under a weakly regulated renewable power grid.

in actual light output for 150 W SON-T (HPS) lamp systems.
The design methodology proposed here suggests that a 40 V
swing of ac mains voltage and a corresponding 35% system
power variation will result in only 15% actual light variation
for a properly designed LED system. Table I shows a compar-
ison of the performance of this passively driven LED system
and those of magnetic-ballast driven HPS lamp systems. In both
cases, the input power is limited by the input inductor (i.e., L; of
Fig. 3 for the passive LED driver and the magnetic choke for the
magnetic ballast). Therefore, the system power variations of the
three lighting systems in Table I are similar for the same input
voltage variation. However, the actual light variation of the LED
system is much smaller than those of the HPS systems of similar
power levels. These results indicate that passively driven LED
systems may be more suitable than their HPS counterparts for
use in weakly regulated renewable power grids because one can
take advantage of the parabolic curve of the luminous flux and
LED power relationship.

C. Relationship Between Load Demand and Renewable Power
Generation

The smart load nature of the LED system designed under the
proposed methodology can be observed in Fig. 11 in which both
the renewable input power and the LED power are plotted to-
gether on two different power scales. It can be seen that the load
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TABLE I
COMPARISON OF SYSTEM POWER AND ACTUAL LIGHT VARIATIONS
Voltage System power Actual light
variation variation variation
HPS 100W 40V 35% 46%
HPS 150W 40V 32% 40%
LED 132W 40V 35% 15%
220 — : 1300
i | === LED Power (W)
2001 — nput Power W) 1 1500

180
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160 11000
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140 -1 900
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100 700
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Fig. 11. Variations of the renewable input power and the LED power [Note:
load demand follows the renewable power profile.].

demand (i.e., LED power) of the LED system under investiga-
tion follows the same profile of the renewable power genera-
tion. The automatic load shedding of the LED system under the
proposed design methodology has the potential of reducing the
energy storage requirement for balancing the power difference
between the load demand and power generation.

Presently, there are over 7.5 million street lights in the UK.
The majority of them use high-intensity-discharge (HID) lamps
of typically 150 W, 250 W, and 400 W. These road lighting
systems are operated throughout the nights at full power. Taking
an average power of 200 W (including lamp power and ballast
loss), the total power consumption of the U.K. road lighting
networks would exceed 1500 MW. This could be a sizable smart
load that future smart grid can take advantage of. In China, the
number of street lamps in major cities exceeds 180 million (or
approximately 36 GW).

Collectively, public lighting systems, if properly designed by
the proposed methodology, can become a large-scale smart load
that:

1) can be adaptive to the voltage and power fluctuation of
future renewable power systems due to their intermittent
nature;

2) has its load demand following the power generation profile
without causing noticeable light fluctuation;

3) has its luminous fluctuation much less than existing
lighting systems based on magnetic ballast driven HID
lamps for the same voltage change;

4) has the potential of reducing the energy storage require-
ment for smart grids.

V. CONCLUSION

A design methodology of LED systems for used in a weakly
regulated renewable power grid has been presented and exper-
imentally verified. The photo-electro-thermal theory for LED
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systems is used to develop the thermal design so that the oper-
ating point of the LED system can move along the top part of the
parabolic curve of the luminous flux and LED power relation-
ship, where the slope and therefore sensitivity of the curve is
minimal. The design methodology is practically demonstrated
in a 132 W LED system design and implementation. The re-
sults obtained from this LED system are compared with typical
results of HID lamps of similar power levels. The comparison
confirms that the actual light variation of LED system based on
the proposed design methodology is much lower that those of
HPS lamp systems commonly used in existing road lighting sys-
tems.

As the passive LED driver and the LED fixture can offer a
highly reliable lighting solution with high robustness against ex-
treme weather conditions and with potential lifetime exceeding
10 years, it is envisaged that such lighting systems, now with
a proven feature of reduced light fluctuation, will be attractive
to public lighting systems powered by future renewable power
grids.

The proposed design methodology enables LED systems
to be designed as smart loads that are adaptive to the power
and voltage fluctuations of renewable energy systems. Since
the power consumption of the LED systems under the design
methodology will change with the power profile of the renew-
able energy source, it is an example of future smart load with
load demand following the power generation. Therefore, it has
the potential of reducing the energy storage requirements in
future smart grids because of the reduction of power difference
between the load demand and power generation. Since the road
lighting systems are a sizable load in most countries, designing
them with a smart load concept can make them adaptive to
the intermittent nature of future smart grids with substantial
penetration of renewable energy sources. Some advantageous
features of such design methodology have been practically
confirmed with experiments.
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