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Abstract—This paper describes and demonstrates an LED light-
ing system with an integral capacitive sensor that can detect occu-
pancy both lighted and in the dark, and a driver (‘“ballast”) that is
dimmable over a wide range. Sensing in the dark is accomplished
by taking advantage of the logarithmic relationship between LED
voltage and current. The ballast uses an inductor pre-charge tech-
nique to maintain efficiency during dimming, while maintaining
relevant parameters for quality of lighting (e.g., chromaticity/color
cast).

Index Terms—Capacitive sensing, dimming, LED driver,
occupancy sensing.

I. INTRODUCTION: ENERGY-EFFICIENT
LIGHTING TECHNOLOGY

EW illumination sources and new power electronic con-

trols for lighting have the potential to produce energy
efficiency gains of 240% in the residential sector and 150%
in the commercial sector [1]. In 2007, lighting accounted for
15.6% and 23.3% of all electricity consumed in the residential
and commercial sectors, respectively, in the USA [1]. Efficiency
gains from lighting sources and active control can substan-
tially reduce overall energy consumption. In particular, solid-
state lighting promises improved energy efficiency and long
lifetime [2].

A fluorescent lamp with an integral occupancy sensor was
demonstrated in [3]-[5]. By exploiting the lamp’s own stray
electric field, the sensor system is able to detect changes in the
electric field below the lamp, which includes people, or perhaps
autonomous mobile robotics that rely on machine vision. Un-
like standard proximity sensors which require building planners
to design for a proximity detection system that is separate from
the lighting system, this proximity sensor is essentially a drop-
in replacement for a standard commercial fluorescent lamp
ballast.

This paper describes:

1) the application of the lamp sensor to a solid-state (LED,
i.e., light emitting diode) lighting array that detects occu-
pancy both lighted and in the dark;
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2) the design and implementation of a wide dimming range
LED driver (“ballast”) using an inductor precharging
method.

Design considerations for the ballast include those relevant
to lighting, such as power efficiency and consistent color
cast, or chromaticity, across dimming levels. Although a hard-
switching design using freewheeling diodes is demonstrated
in this paper, it is possible to use synchronous rectifiers and
soft-switching such as in [6]-[8] to improve efficiency, with a
tradeoff of additional active devices and related components.
The effect of dc and pulse-width modulation (PWM) dim-
ming have been studied for both red-green-blue and phosphor-
based LED light sources [9]-[11]. A PWM technique, which
shorts the inductor during off-periods for the LED current, is
investigated in [12]. Multiple current-level driving techniques
are discussed in [13] and [14]; and [15] proposes a hybrid
PWM/AM dimming strategy. Not only is the effect of dimming
modulation on chromaticity a concern in lighting, but also in
LCD backlighting applications [16]. Although this paper only
discusses operation of the LED driver in the PWM mode,
the topology easily allows for operation in similar multilevel
schemes where both the peak drive current and duty cycle can
be independently controlled.

A PWM technique for multiple parallel LED strings that
operates with power factor correction (PFC) off the ac line is
described in [17], a flyback topology also with PFC is detailed
in [18], and a buck-flyback with PFC for streetlight applications
in [19]. If desired, PFC can similarly be applied to the ballast
described in this paper.

In addition, both the ballast and the LED array topologies
must be designed to support the lamp sensor electronics by
driving the lamp with an alternating current to produce an alter-
nating electric field. An overview of the lamp sensor from [3]-
[5], [20], as well as electro-quasistatic modeling approaches,
is discussed in Section II. The design and implementation of
the ballast for the LED lamp are discussed in Section III.
Finally, experimental data from the lamp sensor built around the
LED lamp are presented and compared to quasistatic models in
Section I'V.

II. LAMP SENSOR OPERATION AND MODELING
A. System Description

The block diagram of the lamp sensor is shown in Fig. 1. A
suitable lamp and electrode arrangement is depicted in Fig. 2.
A typical fluorescent or LED lamp may include an electronic

0278-0046/$26.00 © 2011 IEEE
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Fig. 1. Block diagram of the lamp sensor. Transimpedance amplifiers are
marked with a “Z.”
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Fig. 2. Diagram of a typical two-bulb fluorescent lamp and electrode config-
uration. The electrodes are spaced symmetrically about the center of the lamp.

ballast that drives the bulbs with an alternating voltage at
frequencies in the range of 20 to 50 kHz. As long as the
lamp is driven with an alternating voltage, we have found
that an electrostatic proximity sensor (lamp sensor) can be
developed to measure the resulting stray electric fields below
the lamp. Because a synchronous detection technique is used,
the sensor is highly sensitive to the ac field from the lamp,
yet insensitive to spurious fields, which is unlikely to have the
correct frequency and phase. In this section, we describe the
operating principles of the lamp sensor that may be applied to
either a fluorescent or LED lamp. Section III describes a driver
specifically suited to operating LED lamps with the proximity
detector.

The lamp sensor measures low frequency (~0.1-5 Hz)
changes caused by human targets below the lamp in the high-
frequency (~50 kHz) alternating stray electric fields coupling
from the lamp. The lamp sensor measures the electric fields
in front of the lamp with a fully differential transimpedance
front-end amplifier driven by the two electrodes depicted in
Fig. 2. The front-end amplifier is fully differential because
both its inputs and outputs are differential. When the electric
fields measured by the two electrodes are equal, the differential
measurement is balanced and the front-end output voltage is
“nulled” to zero volts. Therefore, the front-end can have a
very high gain without saturating its output in the absence of
a detection. This very high gain is necessary to amplify the
effects of small imbalances in the capacitive system below the
lamp. Furthermore, the fully differential structure of the front-
end amplifier relaxes the need for a specific ground reference in
the lamp sensor system.

As indicated in Fig. 1, the lamp sensor uses synchronous
detection to reject stray signals that differ in phase or frequency
from the lamp’s own excitation signal. Synchronous detection
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is achieved with a separate measurement of the signal source.
The lamp sensor system multiplies this reference signal with the
main signal using a fully differential multiplier. Whereas low-
frequency occupant motion below the lamp naturally modulates
the high-frequency signal measured by the front-end, the output
of the multiplier (demodulator) contains the low-frequency
modulations centered on zero frequency (dc). A low-pass filter
(LPF) attenuates the high-frequency residue from the multiplier
output to yield only the low-frequency signal. The synchronous
detector and modulation-demodulation scheme also has the ad-
vantage of bypassing potentially overwhelming low-frequency
1/f noise in the front-end amplifier. Bypassing 1/f noise is
critical because the signals of interest (occupancy detections)
are very low in frequency. The signal of interest is amplified
having been naturally upmodulated by the lamp sensor system
to high-frequency (~50 kHz). The amplified high-frequency
signal is then downmodulated by the multiplier shown in Fig. 1
after amplification. Meanwhile, the low-frequency 1/f noise
generated within the front-end amplifier is upmodulated by the
multiplier to high frequency and attenuated by the ensuing LPF.
This signal detection scheme is not unlike chopper stabilization
of op-amps for elimination of low-frequency noise, detection
in an AM (amplitude modulation) radio, or the so-called “lock-
in” amplification technique for frequency specificity. Note that
this system comprises a suppressed-carrier AM modulation-
demodulation signal chain. That is, when there is no detection,
there is also no carrier signal measured by the sensor. This is
fundamentally why a “clock electrode” (depicted in Fig. 1) is
necessary to obtain a phase and frequency reference for the
desired signal.

Measurement of the electric field can be taken as a mea-
surement of the two electrode potentials (at electrode 1 and
electrode 2 in Fig. 2) referenced to some arbitrary potential.
This corresponds to a voltage-mode measurement and requires
a high input impedance measurement device. Alternatively, the
electric field measurement can be taken as a measurement of
the current shunted between the electrodes when they are con-
nected by a short circuit. This corresponds to a current-mode
measurement and requires a low input impedance measurement
device. In the lamp sensor, a fully differential current-mode
amplifier is used as the front-end amplifier depicted in Fig. 1.
Reference [21] details the behavior and operating principles of
fully differential amplifiers like the one used here. In [5], we
reported 11 ft. of detection range between the lamp and the
closest edge of a human target. For a detailed description of
the lamp sensor operation, see references [5], [4], and [20].

B. Capacitive Modeling

The electric field measurement may be modeled as a mea-
surement within a capacitive network. Such a capacitive net-
work may be comprised of the capacitances connecting all
of the conducting objects in the system. This abstraction is a
starting point for qualitatively understanding the behavior of
the lamp sensor system and its key features. Implicit in this
abstraction is that the objects of interest can be represented
by conducting surfaces. While some objects in the system are
obviously well represented as conducting surfaces (e.g., the
electrodes), the fluorescent lamp bulbs as well as the human
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Fig. 3. Capacitive model of fluorescent lamp sensor.

target are also represented this way. References [22]-[24]
describe the implications of approximating a human as a con-
ducting shell. Reference [5] motivates the treatment of the
bulb surfaces as voltage or low-impedance sources rather than
current or high-impedance sources in the capacitive system.
Reference [25] discusses the approximation of lumping each
of the bulbs into “positive” and ‘“negative” source ends. Fur-
thermore, the floor below the lamp is taken as a conducting
plane and could be arbitrarily chosen as the potential reference
(ground) for the system.

Having these assumptions, we can build a capacitive model
like the one proposed in Fig. 3 by accounting for capacitances
between the conducting objects in the lamp sensor system. Ac-
curate modeling of the lamp sensor system using this modeling
approach typically requires the use of capacitance extraction
software. Note that the capacitive model pictured in Fig. 3
differs from the electrostatic model described in Section IV
because the low-potential source ends of the lumped signal
sources are not earth grounded.

An electro-quasistatic analysis from [26] is compared to
results in Section I'V.

III. POWER ELECTRONIC LED DRIVE AND DIMMING

Power electronic drives represent a significant efficiency
improvement over linear power sources. In LEDs, light output
is best controlled by regulating current. Some difficulties in
using the terminal voltage as the control include a negative
temperature coefficient that leads to thermal runaway and a
poorly behaved exponential relation to power output.

The salient characteristic of a linear regulator is that a
voltage is dropped across an element that continuously carries
current, resulting in an inescapable power dissipation. Linear
current regulators can use active devices in either open-loop
(e.g., current mirror) or closed-loop (e.g., op-amp with a pass
transistor). A voltage source with a series resistor is also used
in driving LEDs—the underlying approximation is that the
voltage drop across the resistor is large, hence approximating a
current source, which means that it is guaranteed that power is
dissipated as heat by the resistor. This approximation weakens
at low current levels when dimming, resulting in a drifting
current level and hence light output.

PWM of the current is an effective approach to driving an
LED. Not only is there an advantage in efficiency, but a number
of studies have suggested that there may be an advantage to
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the quality of lighting [9]-[11]. There are a number of choices
for the design of a switching current source. Our design was
based on several requirements, which include a bipolar source
for proximity sensing, square current pulses for color quality,
and a wide dimming range.

A. High Brightness LED Modules

Currently, we use commercially available modules with
14 LEDs within a diode bridge. Because these modules were
originally intended to replace halogen lighting in low-voltage
60-Hz sockets, slow recovery rectifier diodes were used in the
bridge, resulting in voltage waveform distortion and power loss
when driven by a high-frequency inverter. The solution is to
use diodes with better recovery characteristics. As we see in
the driver design below, the inverter operates at frequencies
just above the audio upper limit of about 20 kHz, yet below
frequencies where more expensive high-performance diodes are
needed.

The partitioning of these LEDs into bridged segments is
an important consideration for capacitive sensing because it
determines the shape of the electric field source. Ultimately, the
design may consist of groups of LEDs consisting of fewer diode
bridges with a voltage distribution that is optimal for sensing
and would result in lower cost. The use of many uniform groups
of bridged LEDs provides a proof-of-principle prototype and
allows a comparison with previous results using a fluorescent
lamp (linear voltage profile) field source [20].

B. Switching Current Source LED Driver

We selected a topology that consists of a buck converter with
a hysteretic current controller with a switching frequency in
the range of a few hundreds of kilohertz and a post-inverter
in the 20-30 kHz range. A hysteretic-controlled, hard-switched
converter operating in the hundreds of kilohertz range pro-
vides a fast response without having a power efficiency that
is overcome by switching losses. By operating the inverter in
the 20-30 kHz range, capacitive sensing is effective, without
driving too much reactive current into the metal fixture.

A schematic of the power system is shown in Fig. 4. The
circuit is designed to operate from a 170-V dc bus (nominal
rectified line voltage) driving two parallel strings of 40-mA ac
LED modules antisymmetrically, which are illustrated in Fig. 5.
The dc bus can of course be derived from an ac front-end and
can tolerate variable levels of ripple to provide a complete ac—ac
ballast solution. By operating the buck converter in the con-
tinuous inductor current mode, nearly square pulses of current
are provided by the inverter to the LEDs, which has been sug-
gested to help maintain consistent chromaticity, or “color-cast”
[9]-[11]. An advantage to this topology is that it is possible
to independently control both peak and average LED current,
which is useful in multilevel driving schemes, while maintain-
ing a constant brightness. The peak current is controlled by the
buck converter and the duty cycle by the full bridge.

Because the full-bridge inverter is driven by a current source
with free-wheel diode, Dy, no dead-time circuitry for the
switches is necessary, which simplifies the design. Placing
the current-sense resistor at the bottom of the bridge enables



1742

L
N
e
WO T &b M0 - Yo
A —
BIL o kD
T
rara
Rense =
W

77

Fig. 4. Schematic of the bipolar LED driver. Transformer 77 isolates the
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Fig. 5. Bidirectional LED modules.

ground-referenced measurement of the inductor current, which
is easier than high-side differential measurements, or switch
current measurements which tend to be corrupted by tran-
sients from gate drive charge injection or switch capacitance.
Transformer 77 is a 1: 1 and provides galvanic isolation from
the mains for safety and additionally allows one to choose a
potential reference (e.g., fixture ground), which may result in
an improved sensitivity in the lamp sensor.

An advantage to using ac to drive the LEDs is the ability
to use low-cost transformers to enforce current sharing among
parallel lamps at good power efficiency. Transformer 75 is a
small current balancing transformer, similar to those that are
used in fluorescent lamp ballasts. The volt-second demands
on this transformer are small because they correspond to the
ensemble average of diode voltage mismatches among LEDs in
each string.

C. Dimming and Inductor Precharging

Dimming is performed by symmetric tristate PWM at the
inverter. There is a challenge in maintaining efficiency at high
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Fig. 6. Hysteretic current controller.

dimming (low-light) levels, where the duty cycle is small. Con-
duction losses dominate if the converter is run continuously,
but alternatively, there are higher switching losses for on-off
operation of the converter because square current pulses cannot
be achieved without a high switching frequency. Square current
pulses means a high current slew, which for on-off operation
means that for a fixed input voltage, a small inductor value
along with continuous inductor current is necessary, hence a
high switching frequency

Viaput = L2E o LALL £, M
dt
where Ay is the inductor current ripple and f;,, is the switch-
ing frequency.

We developed a driving method to help overcome the chal-
lenge of efficient dimming at reasonable frequencies for hard
switching, using a relatively simple converter and control
scheme, which is typically a factor in lowering cost.

D. Control Circuit Implementation

The schematic for our hysteretic current-mode buck con-
verter controller is shown in Fig. 6. A reference voltage to
match the desired current (expressed as a voltage across the
current-sense resistor, Rq.pse) 1 set with a potentiometer at the
inverting input of a high-speed comparator. A positive feedback
loop splits this reference into two hysteresis bands, which can
be determined through superposition of the comparator output
and the voltage across the current-sense resistor, Ve, se: When
the comparator’s non-inverting output is LOW (0 V)

Ry

Vi= ‘/sensei
* R+ Ro

(@)
and, when the comparator’s non-inverting output is HIGH
5V)

Ry Ry

Vi = Veensei + Vou s 5
TR+ Ry ™R+ Ry

3)
The spread of these hysteresis bands is therefore equal to the
difference between these two terms

Ry

Hysteresis Spread = Hy — H_ = —_—.
ysteresis Sprea + B Ry

“)

Because typically o > R;,V_ will approximately set
the top hysteresis band, with the bottom hysteresis band
VourR1/(R1 + R2) below.
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Fig. 7. Example hysteretic controller waveforms. Top: current-sense voltage
Vsense. Bottom: Comparator non-inverting input V..

We set the potentiometer to obtain current regulation at
80 mA (for two LED strings at 40 mA each). We set the
hysteresis spread to correspond to a 10% current ripple, with
an Rgepse of 10 Q

H, — H_ = RypnseAi=10Q-8mA =80mV. (5)

Example control waveforms are shown in Fig. 7.

A first-order LPF is placed on the current-sense input
to attenuate switching transients and prevent erroneous
transitioning.

The gate enable (Ggn) signal is controlled by a
DSPIC33FJ2560GP710 microcontroller. This signal can be
used to break open the control loop and shut down the buck
converter during the off-duty periods in between PWM pulses
to recover inductor current.

E. Symmetric Tristate Pulse-Width Modulation

The switching pattern of the inverter generates a bipolar
pulse-width modulated current through the LED strings in
which the individual pulses alternate in polarity with each
pulse, so there is zero dc current offset. Light output is con-
trolled by modulating the duty of these bipolar pulses. This
is known as “symmetric tristate PWM.” Typical symmetric
tristate PWM waveforms can be seen in Figs. 8 and 10, labeled
“LED Current.”

We execute symmetric tristate PWM using two modes, de-
pending on duty ratio. These two modes are continuous current
mode (performed at high duty cycles greater than 60%) and
precharge mode (performed at low duty cycles below 60%).
Each mode is implemented in such a way as to preserve square
current pulses through the LEDs in order to improve color
quality.

1) Continuous Current-Regulating Mode: In continuous
current-regulating mode, the control circuit shown in Fig. 6 is
run constantly (Ggy = 1 always). This means that during the
off-duty period between pulses, the buck converter continues to
regulate its current, which is shunted through a short consisting
of two inverter switches in series: either A and B or C and D,
with the corresponding complementary switches off. Keeping
the buck in a continuous current-regulating state allows square
LED current pulses without the need for a very large inductor
di/dt. This way, we can still maintain tight current regulation
using a large inductance at the buck output.
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Fig. 8. Timing diagram using continuous inductor current.

Fig. 8 shows the switching pattern at high duty cycle when
continuous inductor current is used. Fig. 9 illustrates the
median-filtered results at 96% inverter duty cycle, where the
ballast is operating in continuous current mode. End-to-End
Lamp Voltage is the differential voltage across a single LED
string. LED Current corresponds to the primary current of 7}
and closely represents the sum of the currents into the two
parallel LED strings. A filtered version of Clock, with the
spikes from switching transient pickup eliminated, is used for
synchronization by the lamp sensor.

2) Precharge Mode: At low duty ratios, there is enough
time during the off-duty periods between pulses to turn off the
current controller and recover inductor current. This is done by
setting the gate enable (G gy ) signal OFF, which opens up the
current control feedback loop. All switches in the inverter are
likewise turned OFF. This turns diode D5ON, hence recovering
inductor current. In order to maintain a square LED current,
we precharge the inductor prior to inverter turn-on by letting
the buck converter regulate into the short created by turning ON
either A and B or C' and D, with the complementary inverter
switches OFF. Shorting the output of the buck converter in
this way results in the fastest precharge for any given input
voltage

Trise = L-[pk/‘/zn (6)

where 7. is the rise time of the buck converter output current
and L is a conservative estimate of the inductor value for all
operating points and V;,, is the input dc voltage to the buck con-
verter, which could either be measured by the microcontroller,
or set for worst case low-line voltage. Note that the inductor fall
time during energy recovery is also equal to 7}.;sc.
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Fig. 9. Waveforms at 96% duty cycle with continuous inductor current.
CLOCK L By turning off the buck converter and recovering the inductor
current, conduction losses are reduced for low duty ratios (D <
PWM r ’7 60%). Precharging has the same advantage of allowing for
a square LED current without needing a very large inductor
G_EN di/dt, allowing us to utilize a large buck output inductance
i for tight current regulation, obviating the need for a very high
A ] ] switching frequency and the associated switching losses.
B ] ] F. Logic Generation

The inverter switching patterns and the gate enable signal
are generated by a DSPIC33FJ2560GP710 microcontroller in
combination with a fast programmable logic device (PLD). The
D —‘ ] microcontroller produces three signals: C LK, PW M, and gate

— enable (Ggn). CLK controls the ballast operating frequency
Buck /\ Pre-Charge /1K and corresponds to an internal clock that determines the polarity
g‘g#gtnotr [\ of the inverter, while PW M controls the duty ratio. G g turns

the hysteretic current controller for the buck converter on and
Energy Recovery

LED off, thereby setting the operating mode: continuous current-
Current j regulating (Ggy = 1 always) or inductor precharge. When
operating in precharge mode, the duration of the Ggx pulse

U before the PW M pulse sets the precharge time.
The signals CLK, PW M, and Ggy are fed into the PLD,

which generates the drive signals for the four inverter switches
(A, B,C, D) according to a truth table, shown above as Table 1.

Fig. 10 shows the precharge mode switching pattern. Fig. 11~ The logic states shown in Table I are listed in the sequence in
shows the median-filtered, low duty cycle waveforms where which they would occur when operating in inductor precharge
the ballast is operating in precharge mode. The Current-Sense  mode. Although, the switching patterns are created using a
Resistor waveform is the current through the resistor at the microcontroller and PLD for research purposes, the logic table
bottom of the full bridge, which represents the inductor current  can easily be implemented as a simple state machine in a range
when the bridge switches are conducting. of low-cost, high-volume technologies.

Fig. 10. Timing diagram using inductor precharging and energy recovery.
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Fig. 11.  Waveforms at 10% duty cycle with inductor current precharge.

TABLE 1
TRUTH TABLE OF ALL POSSIBLE LOGIC STATES

MCU Signals PLD Signals Status
CLK | PWM | Ggn AJBJC]D
1 0 0 0 0 0 0 LED OFF
1 0 1 1 1 0 0 Pre-Charge
1 1 1 1 0 0 1 LED POS Current
1 0 0 0 0 0 0 LED OFF/Discharge
0 0 0 0 0 0 0 LED OFF
0 0 1 0 0 1 1 Pre-Charge
0 1 1 0 1 1 0 LED NEG Current
0 0 0 0 0 0 0 LED OFF/Discharge

G. Analysis of Power Electronic Losses

Table II illustrates power loss calculations of the hard-
switched/precharging method used in this paper in comparison
to maintaining the inductor current through a short similar
to [12]. In addition, the decrease in power loss by using
either synchronous rectifiers or soft-switching alone along
with precharging is investigated. The calculations are based
on IRF740 MOSFETs and MUR120 diodes. The buck induc-
tance (L) is 10.2 mH with a dc resistance (Rg4.r) of 10 Q.
The flat-top current (I,eqr) to the LEDs is 80 mA with
8 mA of ripple, which results in a buck switching frequency
(fs) of 216 kHz with an inverter frequency (fs;) of 25 kHz.
The input (V;,,) is 170 Vdc, and the output LED voltage is
150 Vdc.

The main advantage of the precharge/energy recovery tech-
nique in comparison to only shorting the inductor is in the
reduction of losses from the buck inductor at low light dimming
levels. The additional losses from each precharging or energy

recovery are mainly by the diode conduction during current
ramp up, or down

1
Ppc = §VdiodeIpeakTrisefsi~

These additional losses are instead, when using a synchro-
nous rectifier, dominated by the inductor during the current
ramping period

Lo
Ppc - ngeadecLTrisefsi

which might be a slight underestimation because the dc resis-
tance is used, but is still useful in highlighting the improve-
ment over only shorting the inductor. In the calculation of the
inductor loss during the operation of the buck converter, the dc
resistance is a good approximation in the continuous current
mode with small inductor ripple. Other losses associated with a
synchronous rectifier include the additional gating loss, which
in certain instances such as high standoff voltage and low
current may dominate.

The transition switching losses for the MOSFETSs were cal-
culated using linear ramp approximations of voltage and current
[27] and the gating loss using a 12 V gate drive. The main
switching loss mechanism, which can be eliminated by soft-
switching, is the charge stored in the output capacitance of
the buck MOSFET, that is dissipated every cycle the MOSFET
turns on

1

700ut‘/iglfs-

Pcout = 9
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TABLE 1I
POWER ELECTRONIC LOSS COMPARISONS
Shorting Proposed Synchronous Soft Units
Inductor Pre-Charging Rectifier Switching
Pre-Charging Pre-Charging
95% 10% 95% 10% 95% 10% 95% 10% Dimming Duty Cycle
Buck Converter
Low-side Diode/MOSFET Conduction 5.4 0.6 54 0.6 0.4 0.04 5.4 0.6 mwW
Low-side MOSFET Gating 125 13 mW
Inductor 64 64 64 6.4 64 6.4 64 6.4 mW
High-side MOSFET
Switching Losses
Transition 176 18 176 18 176 18 mW
Output Capacitance 190 19 190 19 190 19 mW
Gating 125 13 125 13 125 13 125 13 mW
On Resistance 3 0.4 3 0.4 3 0.4 3 0.4 mW
Current Sense Resistor 64 6.4 64 6.4 64 6.4 64 6.4 mW
Inverter
Switching Losses
Transition 136 136 136 136 136 136 mW
Output Capacitance 43 43 43 43 43 43 mW
Gating 14.4 14.4 14.4 14.4 14.4 14.4 14.4 14.4 mW
On Resistance 7 7 7 0.7 7 0.7 7 0.7 mW
Precharge/Energy Recovery
Diode/MOSFET Conduction Loss 11.5 0.6 11.5 mW
Inductor 2.6 2.6 2.6 mW
Total Loss 747 250 747 192 866 192 297 70 mw
Power Delivered 11.4 1.2 11.4 1.2 11.4 1.2 11.4 1.2 w
De-to-Output Efficiency 93.9%  82.9% 93.9%  862% | 929%  862% | 972%  92.4%
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Fig. 12. Experimental setup.

Different conversion efficiencies are given only as an in-
dex for comparison because only relevant or dominating loss
mechanisms are considered. Several tradeoffs can be made to
improve efficiency. For example, lower current MOSFETS with
higher on-resistance, but lower output capacitance and gate
drive charge might be used instead of the IRF740. Also, a
physically larger inductor with lower losses might be used, but
this would impact power density. The purpose of the power
electronic design is to provide a ballast, which supports prox-

imity sensing, that can be modified to take into consideration
the many requirements for a particular lighting use case.

IV. EXPERIMENTAL SETUP AND RESULTS

The experimental setup of the LED lamp and lamp sensor
electronics is shown in Fig. 12. The lamp sensor output was
measured as a conducting sphere (the target) was passed under
the lamp. Data was taken with the target fixed at 20-cm intervals
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Fig. 13.

Photograph of the LED lamp. Top: bright, Bottom: dim.

in the y-dimension as depicted in Fig. 12. For each interval, the
lamp sensor output data was averaged for 20 s. The experiment
was iterated for three lamp power settings “bright” (Duty ratio
of 96%), “medium” (Duty ratio of 60%)”, and “dim” (Duty
ratio of 20%). A photograph of the lamp under the “bright” and
“dim” settings is shown in Fig. 13. The experiment was also
repeated for three x-displacements: O cm, 22 cm, and 45 cm.

The analytical approach described in Section II was also used
to model the lamp sensor system. The electrostatic model of
the lamp sensor consisted of conducting spheres representing
the source nodes, electrodes, and the target. The calculated
difference between the electrode potentials was taken to be
proportional to the output of the lamp sensor. Also, the floor was
taken to be a conductor, so the model also consisted of image
spheres below the plane of the floor. Finally, the potential of the
“Lo” source nodes and of the plane of the floor was assumed to
be earth ground.

To compare the analytical approach to measured data, the
signal source parameters used in the electrostatic model were
first calibrated. A “training run” consisted of taking measured
data from the lamp sensor for known z and y displacements.
Then, an iterative least-squares optimization method was used
to infer the effective signal source parameters based on the
measured data.

In the least-squares optimization method, the signal source
parameters were first guessed. Then, the results of predicting
the lamp sensor output using the electrostatic modeling ap-
proach from Section II and the guessed signal source param-
eters were compared to the measured data. Depending on the
mean squared error between the predicted and measured data,
the signal source parameters were perturbed and the process
was repeated. This iterative process continued until the mean
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Fig. 14. Training runs (source calibration) z = 0 cm.

squared error between the predicted and measured lamp sensor
output were below a certain threshold. The signal source pa-
rameters from the last iteration were then taken as the actual
effective signal source parameters in the lamp sensor system.

The measured and fitted data in Fig. 14 correspond to
training runs for each of the three lamp power settings. For
each lamp power setting, we have different effective signal
source parameters. Those effective signal source parameters
were used to predict the lamp sensor response for different
z-displacements. Fig. 15(a)—(c) compare those predictions to
measured lamp sensor data at xz-displacements of 22 cm and
45 cm for each of the three lamp power settings (dim, medium,
and bright). The results in Fig. 15 show that the modeling
approach described in Section II yields predictive power for
design-oriented estimation of the lamp sensor output voltage
in response to a target.

A. Dark Occupancy Sensing

In this section, we address the ability to sense occupancy
in the dark, which is relevant to the use cases such as entry
into a dark room. In this section, we demonstrate excellent
occupancy sensing at very low LED current levels. In fact, from
the brightest to essentially dark there is about a three order of
magnitude difference in power level, yet the electric field source
for sensing drops by only a factor that is less than a half.

In Fig. 11, a duty-cycled LED current also results in the lamp
voltage pulsating. This voltage is proportional to the electric
field that drives the lamp sensor. From Fig. 1, the signal that
is detected is an averaged magnitude that is proportional to
the duty cycle. This means that as the lamp is dimmed, the
sensor voltage output decreases proportionally, which can be
observed in Fig. 14. Despite the decreased voltage levels, the
ouput voltage is above the detection noise floor for a wide range
of dimming levels.

A special case arises in dark occupancy sensing, when one
is no longer concerned about maintaining a constant peak LED
current, hence relaxing the consideration for chromaticity. In
this case, the LEDs can run at very low current levels at 50%
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devices.

duty cycle. This is advantageous, because as we observe in
Fig. 16(b), the voltage drop across one LED module changes
roughly logarithmically with current. This means that most
of the voltage that drives the sensing is maintained at very
small current levels using the maximum available duty cycle,
which results in the largest output voltage signal when using
the demodulation scheme discussed in Section II.

The result for sensing in the dark is compared to sensing
at moderate lighting levels in Fig. 17. A careful comparison
shows that there is actually an increase in the output signal at
low LED current levels. This may be attributed to a shift in the
electric field distribution from the LED lamps as we vary from
low to high currents. At low current levels, the shape of the
electric field is dominated by parasitic capacitances from the
modules to the housing, as well as the capacitances associated
with LEDs at small bias. At higher current levels, the effective
resistance of the LEDs decreases, which results in a different
type of distribution. The dynamics and geometry of this process
are complicated and are currently under investigation.
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V. CONCLUSION

Reference [28] is one of many references that discuss cur-
tailed demand and its value in the energy market. In curtailed
demand, the supply company reduces the effective energy de-
mand by reclaiming unused or wasted energy. Reference [28]
cites the sophisticated planning and knowledge of building
characteristics necessary to implement curtailed demand and
suggests that it can only be effective if “sensing and switching
can be done cheaply” and with “a high level of automation.”
In particular, there is a great interest in controlling lighting
to optimize energy consumption. Lighting in commercial and
residential spaces consumes a significant portion of the end
use demand for delivered energy in the U.S. In 2005, lighting
consumed 0.73 Quadrillion Btu (QBtu) in the residential sector
and 1.18 QBtu in the commercial sector [29].

This paper has presented a ballast or solid-state lamp driver
that is suitable for dimmable operation of solid-state or LED
lighting. The ballast design permits the possiblity for chro-
maticity control even at lower switching frequencies for the
power electronic current drive, which results in the ability to
use hard switching as opposed to resonant topologies, hence
resulting in a relatively simple converter and control scheme.
The ballast described in this paper also creates the correct
lamp current waveforms to permit a solid-state lamp to function
effectively as a proximity sensor for occupants, not just for
motion as is typically deployed today. This opens the door
to distributed, autonomous control for lighting. That is, light
fixtures can automatically alter their illumination based on the
presence or absence of occupants, and any other important
environmental variables such as time of day, through the actions
of an embedded controller. The proximity sensor does not
require motion or other intrusive occupant behavior to function.
It is sensitive directly to the dielectric presence of an occupant.
Interfacing the lamp sensor with a dimming ballast creates
a smart auto-dimming lamp that can use the lamp sensor’s
occupancy detections to appropriately dim or brighten.

This paper has also demonstrated an electro-quasistatic
model that accurately predicts the behavior of the proximity
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sensor for both fluorescent and solid state lamps. The model can
be used by building designers to predict detection range given
a particular configuration of luminaire. It can also be used to
select a luminaire design to achieve needed detection range.

The incorporation of automatic proximity detection in solid
state lighting could be a “game changing” addition to solid-state
lamps that accelerates their acceptance.
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