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Abstract: High pressure sodium (HPS) lamp has been widely used in street lighting applications because of its maturity, relia-
bility, high lighting efficiency, long life-time, and low cost. Light emitting diode (LED) is expected as the next generation lighting
source due to its continuously improving luminous efficacy, better color characteristic, and super long life-time. The two lighting
sources may coexist in street lighting applications for a long time. A novel HPS and LED compatible driver is proposed which is
rather suitable and flexible for driving HPS and LED in street lighting applications. The proposed driver combines the LLC and
LCC resonant circuits into a flexible resonant tank. The flexible resonant tank may change to LLC or isolated LCC circuit ac-
cording to the lighting source. It inherits the traditional HPS and LED drivers’ zero voltage switching (ZVS) characteristics and
dimmable function. The design of the proposed flexible resonant tank considers the requirements of both HPS and LED. The
experiments of driving HPS and LED on a prototype driver show that the driver can drive the two lighting sources flexibly with

high efficiency.
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1 Introduction

High pressure sodium (HPS) lamp has advan-
tageous characteristics such as high lighting effi-
ciency, long life-time, and low cost (IEC, 2011). It has
been used all over the world as the street lighting
source for several decades, which proves its maturity
and reliability in outdoor lighting applications.

Thanks to the advantages in terms of luminous
efficacy, color characteristic, and life-time, light
emitting diode (LED) is expected as the next genera-
tion lighting source (Azevedo et al., 2009; Tan, 2010).
Its luminous efficacy has been improved and the cost
reduced in the past years.

However, till now, the cost, reliability, and
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lighting efficiency of LED have no clear advantage
over HPS. HPS is still preferred in most street lighting
applications, especially for streets in the downtown.
By using new craftwork, ballast, and remote control
technologies, there may be further improvements in
terms of energy saving, life time increase, and cost
reduction of HPS solutions (Wei et al., 2009;
Tomoroga et al., 2012; Zotos et al., 2012; Kirsten et
al., 2013; Schnell et al., 2013). Generally, it needs
time for new technologies such as LED to be widely
accepted. There is a great possibility that both HPS
and LED will be used as street lighting sources for a
long time.

In a typical street lighting system, HPS and LED
may both be used. As shown in Fig. 1, the conven-
tional road lighting solution needs many kinds of
ballasts and drivers to drive different types of lighting
sources. For most manufactures, they need to deal
with many types of ballasts. This requires a large
amount of investment and a high level of production
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Fig. 1 HPS, LED and their compatible driving solutions for a typical road lighting application

management ability. For users, different types of
ballasts make the installing and repairing not so
convenient because people have to learn about a lot of
different applications. In consumer electronics ap-
plications, multi-functional products, such as mobile
phone, charger (Choi et al, 2013), and ballast
(Cheong et al., 2006; Lee and Hui, 2009), have been
accepted by the market. In industrial applications,
multi-functional power supplies, such as uninter-
ruptible power supply (UPS) and inverters reported in
the literature (Ko et al., 2007; Zhao et al., 2013), also
accommodate different applications, which bring
facility for the users. Therefore, if the HPS ballast and
LED driver can be designed to be compatible and
universal, it will be a candidate for some producers
and users. This multi-functional driving solution can
save resources for the society, cut down the research
and development investments for the producers, and
make the implementation simpler for the users.
However, the driving methods of HPS and LED
are different. HPS lamp should be driven in AC con-
stant power mode like the applications in Huang et al.
(2007) and Cheng et al. (2014), while LED should be

driven in DC constant current (CC) mode like the
applications in Mu et al. (2011), Wang H et al.
(2011),and Wu et al. (2011). The output voltage of the
LED driver should be limited to the constant voltage
(CV) mode in the light load or open circuit condition.
The most popular LED drivers for street lighting
usually use isolated topologies, which are helpful for
satisfying the safety requirements (IEC, 2006). Ac-
cording to the different driving methods, the topolo-
gies of the drivers are different. The LCC resonant
converter is one of the popular solutions to HPS bal-
last (Cardesin et al., 2005; Rodrigues et al., 2009; Zhu
etal.,2009; Wu et al., 2011) due to its high efficiency
and large range of gain, while the LLC resonant
converter has been widely used for the LED driver
due to its soft-switching and isolation characteristics
(Chen et al., 2011; Chang et al., 2012; Shrivastava
and Singh, 2012).

The design methods for the two circuits are also
different and incompatible. For the LCC converter,
the design usually needs to consider the different
gains of the resonant tank in HPS ignition, run-up,
and burn stages. Traditional design of the LLC
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converter in LED applications cares about the max-
imum output current and dimming conditions (Chen
etal., 2011).

Some efforts have been made in research on
compatible driving technologies for different lighting
sources. Nan and Chung (2011) considered the tube
fluorescent lamp and tube LED application in indoor
applications and tried a way to make these two dif-
ferent lighting sources compatible, wherein LED can
be connected to ballast’s output directly. It avoids
resource waste when a tube LED is used to replace a
tube fluorescent lamp. In Visconti et al. (2011), the
ballast drove high intensity discharge (HID) lamp or
LED by the choice of a controllable switch. In the
LED driving mode, the LED is connected to the HID
ballast by a rectifier but without magnetic isolation.
Non-isolation in the LED driving mode is not helpful
for safety consideration in street lighting applications.
Costantini et al. (2011) proposed a CMOS low-power
system-on-chip (SoC) as a key control circuit of an
HID and LED lamp compatible ballast. A low-
frequency square waveform is generated to drive HID
or LED both without isolation. LED load is proposed
to be made up by one or more pairs of anti-parallel
connected LED strings. However, this solution seems
not efficient because only half of LEDs work at the
same time.

In this paper we propose a multi-functional
driver which can drive HPS or LED compatibly. Be-
cause the structures of the LCC and LLC converters
are similar, it is possible to multiplex the resonant
components and control circuits to save the cost and
reduce the size. Based on comparison between the
popular LCC for HPS and LLC for LED, a variable
resonant tank is proposed, which can drive these two
lighting sources universally. It works as an equivalent
LLC resonant tank in the LED driving mode or an
equivalent LCC resonant tank in the HPS driving
mode. The zero voltage switching (ZVS) characteris-
tics of the conventional LLC and LCC are maintained
to achieve high efficiency. In addition, the dimming
function is kept for street lighting applications. When
the resonant tank is switched to LLC, another ad-
vantage is that the tolerance of the resonant inductor
can be well controlled to a small range for better
consistency in mass production. Moreover, the com-
promise made in this universal driver is analyzed.
Compared with the conventional HPS ballast or LED
driver, the bill-of-material (BOM) cost and efficiency

may be penalized slightly. Nevertheless, the com-
patibility and universality properties may bring con-
venience for some applications.

Besides introducing the working principle of the
proposed driver, the parameter analysis of the reso-
nant tank is provided based on exploring the transfer
function of the resonant tank in the HPS and LED
driving modes. The design of the proposed flexible
resonant tank considers the requirements of both HPS
and LED applications into consideration. This is dif-
ferent from the conventional LLC LED and LCC HPS
design methods (Correa et al., 2002; Alonso et al.,
2003; Moksoon et al., 2008; Chen et al., 2011).

2 Proposed HPS and LED compatible driving
technology

In this section, we illustrate the scheme of the
driver and introduce how to choose HPS and LED
working modes. Then the working processes of HPS
and LED working modes are analyzed.

A compatible driver is proposed (Fig. 2), which
can compatibly drive HPS and LED. The driver in-
cludes two stages. Power factor corrector (PFC) is the
first stage to obtain a high power factor (PF) and a
stable DC voltage BUS. The second stage is a
half-bridge serially connected to the PFC. The reso-
nant tank includes an inductor Lg, a capacitor C, a
capacitor Cp, and a transformer 7. The transformer T
has three windings. The transformer’s magnetizing
inductor is L,,, and the turn ratio of primary winding
to secondary windings is N:1:1. For conciseness, the
protection circuits, some simple and well-known
circuits are not shown here.

The driver has two output ports. One is for LED,
and the other for HPS. The LED load is connected to a
capacitor Cy, in parallel, which is coupled to the
secondary winding of transformer 7 through a full-
wave rectifier consisting of diodes D, and D,. The
HPS is connected to capacitor C, in parallel. Corre-
spondingly, the driver has HPS and LED driving
modes controlled by switches S; and S;.

A voltage controlled oscillator (VCO) circuit in
IC L6574 (STMicroelectronics) generates a clock to
control M, and M, by using a well-known sweeping
frequency method. An operational amplifier (OPA)
circuit offers an error voltage signal as the input
voltage of the VCO.
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Fig. 2 HPS and LED compatible driver

An MCU MC9S08SGS (Freescale, USA) is used
to choose HPS or LED driving mode. Both the volt-
age and current of LED are sensed by the MCU. If the
current is not zero, the MCU judges that the LED load
is connected, and consequently turns S; off and S; on,
to make the driver work in the LED driving mode. It
provides a pulse width modulation (PWM) signal,
which is transferred through a photocoupler and fil-
tered into a smooth DC reference voltage Vier. Vier 1S
provided to the OPA to regulate the half-bridge’s
input current, which makes the output LED current
constant. If LED current is zero, the driver gets into
the HPS driving mode with switch S; on and S, off.
The MCU offers Vs to the OPA to make half-bridge’s
average input current constant, which makes the
power of the half-bridge constant as the input voltage
of the half-bridge is stable.

2.1 HPS driving mode

In the HPS driving mode, switch S is turned on
and S, off. The flexible resonant tank changes to LCC
structure (Fig. 3a). The primary winding of trans-
former T is shorted; therefore, the series inductor L
functions as a resonant inductor. The converter can
work at a high operating frequency (dozens of kHz),
which does not lead to the acoustic resonance issue of
HPS. This is proven by existing research (Correa et
al., 2002; Cardesin et al., 2005; Wang Y et al., 2011).

In this solution, the half-bridge drives the LCC
resonant tank. The ZVS of MOSFET is realized to

reduce the switching power loss. Even when the
output lines are short circuit, ZVS characteristic can
still be achieved. It is rather suitable for short circuit
protection. The control circuit is based on the IC
L6574 and the MCU. The control scheme is as in-
troduced above. The feedback mechanism can be
understood by referring to STMicroelectronics
AN2708 (STMicroelectronics, 2015a).

The input voltage Vi, (7) of the resonant tank can
be expressed in Fourier series and used hereafter:

V. 2
Zhus 4 T

I/in (t) = 2 bus

> lsin(n 2. (1)

n=1,3,5 M1

The transfer function of the resonant tank is expressed
as
1

Gpps(s) =

S

S+

Lsts2 +
C

S

y RyCs

Take driving 150 W HPS as an example. The
working process of the half-bridge includes three
stages: ignition, run-up, and burn. The gain curves of
the resonant tank in different stages are given in
Fig. 3b according to Eq. (2).

Stage 1: ignition. The 3rd order harmonic of Vi,(¢)
is used to ignite HPS (Alonso et al., 2003). The HPS
model is very complicated. For clear and easy analy-
sis, HPS is simplified into an equivalent resistor Ry.
Before HPS is ignited, the resistance of Ry can be
considered infinitely large.
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Fig. 3 The driver in the HPS driving mode
(a) Equivalent circuit in the HPS driving mode; (b) LCC gain curves and working process in the HPS driving mode

As shown in Fig. 3b, the curve (R=w0) is the gain
curve of the 3rd order harmonic of V,(¢). The oper-
ating frequency of the half-bridge is swept down from
point A. The voltage across capacitor C, increases
quickly to several thousand volts. At point B, HPS is
ignited.

Stage 2: run-up. Once HPS is ignited, the
equivalent resistor Ry of HPS becomes very small,
and the working point changes from B to C. With the
operating frequency being swept down, the funda-
mental component of Vi,(¢) is dominant. If the oper-

ating frequency is much higher than (2m/L.C,)",
the high-order harmonics may be ignored.
The current flowing through the HPS warms it

up gradually; meanwhile, the equivalent resistor Ry of
HPS increases. If the lamp current is not controlled

constantly by the half-bridge, then the operating fre-
quency of the half-bridge drops to the minimum value.
At this stage, both the voltage and power of HPS
increase.

Stage 3: burn. When the power of HPS is regu-
lated to the rated level, HPS comes to work at its rated
power by frequency regulation nearly around point D.

In street lighting applications, dimming is usu-
ally required for energy saving. From point D to point
E, the gain of the resonant tank drops. Accordingly,
the voltage and power of HPS decrease.

2.2 LED driving mode

When the MCU circuit in the driver detects that
the LED load is connected, switch S| is turned off and
S, on. The flexible resonant tank changes to LLC
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structure, which is accepted as the most popular
topology due to its high efficiency in street lighting
applications in recent years (Chen et al., 2011; Chang
et al., 2012; Shrivastava and Singh, 2012). Then the
driver comes into the LED driving mode. Its equiva-
lent circuit is as illustrated in Fig. 4a. The transformer
T transfers isolated energy to LED on the secondary
side. The primary leakage inductor L of transformer
T functions as a resonant inductor L, together with
series inductor L. In Fig. 4a, the magnetizing induc-
tor L, of transformer 7, resonant inductor L, and
resonant capacitor C; make up the LLC resonant tank,
in which capacitor C; functions as a resonant capac-
itor C,. Parameters Ly, Ls, and L, satisfy

Lr:Ls+LLKa (3)
L>>Lik. “4)

Note that in mass production, every component
has a tolerance. Restricting the tolerance of the
component parameter to a smaller range is helpful for
the uniformity of the driver. L, is the key parameter of
the resonant tank in the driver. According to Eq. (3)
and inequality (4), leakage inductor L;x is much
smaller than inductor L. Hence, L takes more effects
in determining parameter L,. Ly is the leakage in-
ductance of transformer 7. Compared with L, it is
more difficult to narrow the range of tolerance L.
Consequently, the tolerance of L, in the flexible res-
onant can be easily controlled into a small range.

The operating principle of the LLC converter
needs to be explained according to its gain curve and
V-1 property. Therefore, the gain of the LLC converter
for constant current LED applications should be de-
duced first.

In Fig. 4a, R, has the equivalent value of the
transformer’s secondary load. When the operating

frequency is around (2m./L.C.)", the classical fun-

damental harmonic analysis (FHA) (Steigerwald,
1988) can be used to analyze the parameters in the
circuit. According to FHA, only the fundamental
components of voltage and current in the LLC reso-
nant tank are considered.

The voltage on the primary side winding of
transformer 7 is square waveform due to the
non-linear rectifiers D;, D, in Fig. 4a. Its sinusoidal
fundamental component V,. is applied across the

equivalent resistor R, to analyze the circuit:

22

v, =V =2, (5)
T

ac rms

where V,.ms 1S the RMS value of V..

The DC current /, flowing through LED is con-
sidered as the averaged value of the equivalent current
1, flowing through equivalent resistor R,.. Therefore,
I, and the RMS value /,.;ms of the equivalent current

1, satisfy
1 =1 & N. (6)

Then Eq. (7) is derived from Egs. (5) and (6):

2
Rac = 8£2RL > (7)
T

where N is the turn ratio of transformer 7, and Ry is
the equivalent resistor of LED.

Since the converter works as a constant current
source to drive the LED load, |[,/Vin fund| is deduced as
the transfer function of the LLC converter:

I 1 22
GLED (S) = - = Iac rms N
I/inifund Vinifund T
22N Ls ®)
ToLLs*+R (L +L,)s+ R Ln
Cs C

T T

where Vin fund is the fundamental component of Viy(%).

Assume
L /C. B 1
0= R, ’f“_zn,/chr’ o)
f - k_i m_L_m
"o +L)C f. L
Then Eq. (10) is deduced:
| 4 I_‘ ! ‘_m
Vi 1 n’ 1).| 4NR,
in_fun 1+7_ — L
m  mk’ Q8N2 k !
(10)
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(a) Equivalent circuit in the LED driving mode; (b) LLC gain curves and the working process of the driver in the LED driving

mode; (c) Relationship between output current i, and average current @ of the LLC converter

Next, the LLC converter’s gain curves can be
figured (Fig. 4b). Every equivalent resistor has a
corresponding gain curve. The vertical axis means the
average current flowing through the LED load. Then
the frequency can be determined according to the gain
curve. The track linking point 4 to point D illustrates
the dimming process.

The control mechanism is based on the rela-

tionship between output current i, and E ofthe LLC

converter (Fig. 4¢). i, is the average value of input

us

current ip,s of the LLC converter. After sampling of
output voltage v, and output current i,, i, has a

monotonic relationship with power pr c. Therefore, i,
can be regulated by output power pric. Since the
input voltage Vs of the LLC converter is constant,
the power of LLC converter pic is indirectly con-

trolled by E of the LLC converter. Hence, pric is
taken as an indirect agent parameter to associate
output current i, and average input current E of the
resonant tank. As a result, i, can be controlled by
regulating E This working principle is different

from the popular LLC control strategy, such as the
examples based on L6599 made by ST (STMicroe-
lectronics, 2015b).
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From the analysis of the two driving modes
above, the proposed driver can compatibly drive both
HPS and LED. This multi-functional property can
bring convenience for users and manufacturers. Alt-
hough most circuits are multiplexed in the compatible
driver, compared with the traditional LED driver and
HPS ballast, its BOM cost still rises and its efficiency
slightly decreases. Table 1 lists the advantages and
penalties.

Although the BOM cost of the compatible driver
is slightly higher, this multi-functional driving solu-
tion can save resources for the society, cut down the
research and development investments for the pro-
ducers, and make the implementation simpler for
the users. Moreover, the convenience of using the
compatible driver makes it a candidate for some
applications.

Thus far, the working principle of the flexible
resonant tank for compatible driving technology for
HPS and LED has been introduced and its transfer
functions in different driving mode deduced.

3 Parameter analysis

There is a great difference between the designs
of LCC for HPS driving and LLC for LED driving.
Conventional design for the resonant tank cares only
about one application. In a compatible application,
however, the parameters of the resonant tank should
support both HPS and LED applications. The per-
formances of the flexible resonant tank in different

3.1 Specification definition

The key parameters are as defined in Table 2.
The values are used for a prototype which is adopted
to verify this technology.

3.2 Analysis of parameters for HPS driving mode

The flexible resonant tank changes to LCC
structure (Fig. 3a) in the HPS driving mode. The
performance of the driver in different stages is in-
troduced in the following.

First, the performance in the burn stage is de-
duced. The parameters Ls and C; can be designed in
this deduction.

In the burn stage, the current through inductor L
flows into capacitor C, and the equivalent resistor Ry,
of HPS. For energy efficiency, the major part should
better flow into Ryy, so the current through capacitor
C, can be ignored in the burn stage.

Then Eq. (2) is simplified to

/[L jzanw+l_+1j.
RHb RHszJznf Hw
(11)

The capacitor Cs acts mainly as the DC block capac-
itor. It should satisfy

v,

HPS_rated

7

in_fund

1
Csj2anw

L, - j2nfy, | >> . (12)

Ly is deduced from Eq. (11) and inequality (12) as

driving modes need to be analyzed. Moreover, it e
is necessary to investigate the parameter design L ~ 1 R, zin_fund -1 (13)
S
principle. 27y Vis bum
Table 1 Comparison between the proposed driver and the traditional driver
Item Traditional HPS ballast Compatible driver Reason
BOM cost Lower 10%—15% higher S, S,, T, D1, D>, Cy are not used in the traditional
HPS ballast
Efficiency Higher Slightly lower Power loss of S;
Universal No Yes
Item Traditional LED driver ~Compatible driver Reason
BOM cost Lower 5%—10% higher S}, S, are not used in the traditional LED driver
Efficiency Higher Slightly lower Power loss of S,
Tolerance of reso- Larger Smaller L is used in the compatible driver, which is helpful

nant inductance

Universal No Yes

for reducing the tolerance of resonant inductance
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Table 2 Specification of the proposed driver

Specification item Definition Parameter Value
Resonant tank input  PFC output Vius 410V
specification Maximum value of fundamental component input current Ly fund_max 10 A
HPS lamp rated power Pps rated 150 W
Dimming level of HPS Pups_dim 90 W
Rated lamp voltage at the burn stage Viaps_bum 95V
Specification in the ~ Lamp voltage at the dimming stage Vips_dim 75V
HPS driving mode  Equivalent resistor of HPS at the burn stage Riup 60 Q
Equivalent resistor of HPS in the dimming condition Ryy 62.5Q
Maximum ignition voltage VHpS ign_max 3.5kV
Minimum ignition voltage VHps_ign_min 2.5kV
Maximum output current I max 2A
Minimum output current Ly min 1.2A
Speciﬁcqtipn in the Maximum output voltage Vo max 48V
LED driving mode ) . . .
Equivalent output resistor in the full load condition Ry min 24 Q
Equivalent output resistor in the diming condition Ry max 33Q
Operating frequency of the resonant tank f -
Operating frequency in the HPS burn stage Siaw -
Operating frequency in the HPS dimming stage Jud -
The minimum operating frequency of the resonant tank Jrnin -
Frequency variables  The maximum operating frequency of the resonant tank Frnax -
Operating frequency of the resonant tank of the LED driving mode fiw -
in maximum output current/full load
Operating frequency of the resonant tank of the LED driving mode fra -

in dimming condition

For the frequency for HPS, the acoustic resonance free issue should be considered (Lovasoa et al., 2012). Dimming level of low power
HPS is not advisably lower than 50%-60% for HPS life-time consideration according to Correa ez al. (2002)

To guarantee that the half-bridge works at ZVS with
high efficiency, we have
f;l < min * (14)

C, can be ignored as the current in the resonant tank
flows mainly through Ryy. So,

C =C. (15)
Substituting Eq. (9) into Eq. (15) leads to
C >; (16)
: 4n2f;§ian .

As a result, Lg and C can be selected according to
inequalities (13) and (16).

Second, the performance in the ignition stage is
analyzed. C, in the resonant tank can be selected in
this exploration.

To reduce the sweeping frequency range, the 3rd
component of Vi, (¢), instead of the fundamental
component, is used to ignite the HPS (Alonso, ef al.,
2003). The equivalent resistor of the lamp is consid-
ered infinitely large. Therefore, the transfer function
of the LCC resonant tank (Eq. (2)) changes to

V ign 1
ansgrd (s)= ;PS* ==
i 9LC,st + F" +1

S

(17

Since the ignition voltage should be higher than
the minimum ignition threshold in the specification,
Eq. (18) should be guaranteed:

4

in_3rd

Vi oo = >
I C I Co+1-9L,C, (2mf ) |

VHPSfignimin . (1 8)

During the ignition stage, the higher the voltage
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across C,, the larger the current through it. However,
the very high peak current may make the magnetic
component Lg saturate. So, the current is also the
limitation for L,,:

]inifund :| VHPSﬁignﬁmax : Cp ' J6TCf |< ]inifundimax ° (19)
Combining Egs. (18) and (19) leads to
Cp < in_fund_max ,
VHPSfignimax ’ 67'|:f
_ I/vinjrd I/injrd _ 1 (2 0)
IVHPSJg‘Lmiﬂ < Cp < THPSngLmiU .
—-36m°L. —-36m°L [
C oS C v

Inequality (20) can be figured to curves (Fig. 5).
The value of C, should be selected within the shadow
area crossed by the curves in Fig. 5. The maximum
frequency fiax should be higher than the frequency figq
in the dimming condition. Due to the tolerance of the
capacitor component, a larger capacitance value of C,
is better for ignition deviation. Here, one value of C,
is selected according to the trade-off principle.

—
l'.-"_"‘-"-w -
Ty —
60 80 100
F(kHz)

Fig. 5 An example of C; selection

Third, the performance in the dimming condition
is analyzed. The parameters can be evaluated and
checked.

Like Eq. (11), in the dimming stage, the transfer
function can be expressed as

| I |
|20 Lo/ Ry +1[

| VHP S_dim

| I/inifund

21)

14 can be solved as

f _ 1 R Vij_fund -1 (22)
. 2T[Lr . VI—?PS_dim .

The parameters of the design above should guarantee

Jia < oo (23)

After performance analysis of the driver in dif-
ferent stages in the HPS driving mode, the flexible
resonant tank’s parameters, including LCC topology,
L, C, C,, are designed. According to the working
principle in Section 2, Ls and C; are multiplexed as
key components in LLC topology.

3.3 Analysis of parameters for LED driving mode

The flexible resonant tank changes to LLC
structure (Fig. 4a) in the LED driving mode. The
parameters affect the performance of the driver. It can
be explained by the output range of the driver and the
V-1 property of the LED load (Fig. 6). Besides pa-
rameters Ls and C, which are related to the resonant
tank as the LCC topology for HPS applications, the
other parameters Ly, N of the flexible resonant tank
should be designed according to the performance
analysis of the driver in the LED driving mode.

As is well known, LED needs to be driven by a
constant current for a stable luminous flux density. In
Fig. 6, an example is taken that different points 4, B,
C, D on the LED V-I property curve represent the
different luminous flux densities. In the dimming
application, the driver offers the reduced current from
point 4 to point D. The slope of every point in the
coordinates stands for an equivalent resistor of the
resonant tank. The curve with points a, b, ¢ is the
limitation on the different equivalent resistors, de-
termined by the maximum frequency fu.x. The curve
with points a', b', ¢’ is the limitation on the different
equivalent resistors, determined by the minimum
frequency fmin. The control circuit makes the output
CC-CV property of the driver restricted in a square
area surrounded by 7y max, Lomin, Vomax> and Vomin. In the
shadow area surrounded by the curves with points a, b,
¢, d, e, the LLC converter works in the continuous
mode. In the area below the curve with points «, b, c,
the LLC converter comes into the burst mode. Since
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in the burst area the ripple of driver’s output current is
higher and may cause flicker of the load, the driver is
not advised to work in this area for a long time. Hence,
it is preferred that the operating points are surrounded
by the LLC converter’s continuous operating area. In
the example as shown in Fig. 6, the operating points A4,
B, C, D are involved in the shadow area with points a,
b, ¢, d, e. This principle is expressed by

>V

omax A°

1 1 ° 1 ).
l+————+0— |k ——
m  mk? QSNZ( =k ]J

\/ETC ' I/inifund
4NR,

1. >1,>

omax

1 T

1 1
1+—-— + k. —1j
min Q SNZ [ " kmin jj

m  mk>
. \/ETC : V;nifund
4NR,

I, <

omax

24)

where knax and ki are the values of &£ in Eq. (9) at
maximum frequency fm.x and minimum frequency fmin
respectively, Va4, L4, Vp, Ip are the voltage and current
of operating points 4 and D, respectively. R,=V /14,
Rp=Vp/lp. The parameter design of the resonant tank
should meet the limitation of inequality (24).

‘~.\‘C’
72 .
] % 2% b
Vomax __________ |____C___1 )
3¢ ° 3 A -
< \B"\‘«\ : \a
| : !
vomm

Lt
lo min lo max Io

LED V-I property

LED driver's CC-CV property
Maximum frequency finax limitation
Minimum frequency i, limitation

:] Working area

Fig. 6 Output range of the driver and the V-I property of
the load

Note that FHA is used to analyze the operating
frequency around f;;. In the dimming condition, the

frequency may be swept higher up to n-f;; (n=3, 5,
7, ...) and inequality (24) is not precise any more
because the influence of V;y(f)’s harmonic compo-
nents cannot be ignored (Steigerwald, 1988). Some
other methods can be used to analyze it (Fang et al.,
2012). In practical applications, larger margin can be
used for inequality (24) to reduce this influence.

The key parameters of the flexible resonant tank
in the LED driving mode are related to not only
inequality (24), but also the ZVS requirement. A well
accepted opinion is that large L,, is helpful for re-
ducing the conduction power loss. On the contrary,
large L, may affect the ZVS during the dead time of
the half-bridge because L, may block the discharge of
the equivalent capacitor in parallel with MOSFET.
Hence, L, should be chosen as large as possible with

o Std;ad’ (25)
16C, - 1,
m<—taes (26)
16C, /L,

which makes the MOSFET have the ZVS character-
istic (Cj is MOSFET junction capacitance and #geaq 1S
the dead time of the LLC converter) (Lu et al., 2006).

Thus far, the parameters L,, and N of the flexible
resonant tank as LLC topology can be chosen.

After the analysis above, the parameters of the
whole flexible resonant tank, related to the perfor-
mance of the driver in different driving modes, are
deduced. As a result, the design principle for the pa-
rameters of the flexible resonant tank is provided.

4 Experimental verification

A prototype driver is taken as an example to
show the technology. The PFC input voltage is
165-265 V/50 Hz (AC), and the output voltage is 410
V (DC). The specification is listed in Table 2 and the
design results of the flexible resonant tank in Table 3.

Table 3 Key parameters of the flexible resonant tank

Parameter Value Parameter Value
Inductor L 440 uH Capacitor C; 100 nF
Inductor L, 2.12mH | Capacitor C, 2.1 nF
Inductor L; g 16 uH Turn ratio N 3.8
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4.1 Experiments in the HPS driving mode

The experiments of the driver are implemented
in the HPS driving mode. When the MCU in the
driver detects there is no LED connected to the output,
it gets into the HPS driving mode. The performances
of the driver during the ignition, run-up, and burn
stages are verified.

The ignition waveform is provided in Fig. 7a. To
observe the maximum voltage of the ignition stage,
HPS lamp is not connected in this test. When the
operating frequency of the resonant tank is swept
down after power on, the output voltage increases
quickly. Finally, the ignition voltage stops rising due
to the protection of the driver. It can be observed that
the high ignition voltage 3.3 kV is up to the required
level in Table 2.

The magnified ignition waveforms in Fig. 7b
show that the frequency of the output voltage is three
times larger than the operating frequency of the
half-bridge. The 3rd order harmonic of Vj,(f) gener-
ates the high ignition voltage on capacitor C, through
the resonant tank as analyzed before.

(a)

S = 1

Fig. 7 Ignition waveforms: (a) output voltage of ignition;
(b) magnified voltage of ignition

Fig. 8 provides the key waveforms of the driver
with the HPS lamp. It illustrates the processes of
ignition and run-up stages. After power on, the driver
keeps at high frequency to make the resonant tank

stable. Then the operating frequency of the driver is
swept down towards the minimum value. The output
voltage increases quickly and the HPS lamp is ignited.
In succession, the driver finishes the ignition stage
and comes into the run-up stage. During this stage, the
lamp’s power increases gradually, its voltage rises,
and its current drops until the rated values are
reached.

i 500 V Vi, |

SAI

Fig. 8 Key waveforms in the ignition and run-up stages

After the run-up stage and when the power
reaches the rated level 150 W specified in Table 2, the
driver comes to the burn stage. The waveforms in the
burn stage are as illustrated in Fig. 9. The most im-
portant characteristic of the resonant tank is the
soft-switching, which is illustrated by the waveforms
on the low side MOSFET M, of the half-bridge.

43KHz
ok

\ /4

Viamp

Ilamp

Fig. 9 Key waveforms in the burn stage

In the dimming condition, the operating fre-
quency of the half-bridge increases and the voltage of
the lamp decreases (Fig. 3b). The key waveforms are
illustrated in Fig. 10.

4.2 Experiments in the LED driving mode

When the LED load is connected to the driver,
the driver comes into the LED driving mode under the
control of the MCU.
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Ilarnp 4 /dszH

Fig. 10 Dimming waveforms

Both the driver’s output range and the LED V-/
property are tested (Fig. 11). The shadow area is the
driver’s working area. The results show that the driver
can provide proper current to drive the LED load. The
parameters of the resonant tank meet the design re-
quirements in Section 3.

The waveforms on the low side MOSFET of the
half-bridge, as illustrated in Fig. 12, show that ZVS is
realized.

In dimming applications, the operating fre-
quency of the driver increases and the output current
drops (Fig. 13). The experimental waveforms of
dimming at half of the maximum output current are
shown in Fig.13.

|
LED)load V-/ curve

48

28

Driver’s outputlproperty

at fmax=67|kHz

18 20 22 24 26

24

20 1 1 1
04 06 08 10 12 14 16
ls (A)

Fig. 11 Test of the driver’s output range and LED load’s
property

4.3 Performance discussion

Efficiency is an important performance of the
proposed driver. The test data of the driver in the HPS
driving mode and the LED driving mode are provided
in Fig. 14. Due to the advantage of ZVS, in the HPS
driving mode, the efficiency is approximately 92.7%

at 220 V/50 Hz input. In the LED driving mode, the
efficiency is about 90% at 220 V/50 Hz input.

‘ 10 us

-

Fig. 13 Working waveforms in the dimming condition
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Fig. 14 Efficiency of the compatible driver at different
input voltages

(a) Efficiency in the HPS driving mode; (b) Efficiency in the
LED driving mode
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To make the driver universal for both HPS and
LED, some components are added. Hence, the addi-
tional power loss is penalized, as introduced in
Table 1. Compared with the conventional HPS ballast
and LED driver, the efficiencies of the compatible
driver in different driving modes are slightly lower.

In addition, the flexible resonant tank should
take both HPS and LED into consideration. Hence, it
is hard to optimize the parameters of the flexible
resonant tank to make the efficiency better than the
traditional LCC converter for the HPS ballast or the
LLC converter for the LED driver.

Compared with the HPS ballast and LED driver,
although the cost and efficiency of the proposed
driver have no advantages, the convenience may
make it suitable for some applications.

5 Conclusions

A novel HPS and LED compatible driver is
proposed. It is a candidate as a multi-functional driver
for HPS and LED in large-scale street lighting ap-
plications. The traditional HPS ballast usually uses
LCC as the driving circuit, and high power LED
driver prefers LLC circuit with isolation. Both of
them have high efficiency due to the ZVS advantage.
The proposed driver combines LLC and LCC into a
flexible resonant tank. The flexible resonant tank may
change to LLC or LCC based on the light source. It
contains the ZVS characteristics and dimmable func-
tion of the traditional HPS and LED drivers. When the
resonant tank is changed to LLC, another advantage is
that the tolerance of the resonant inductor can be well
controlled for better consistency in mass production.

Besides the working principle of the proposed
compatible driver, the design of the introduced flexi-
ble resonant tank is also critical. By considering both
of the HPS large gain requirement and LED’s isolated
constant current output requirement, the performance
of this compatible driver is analyzed and the design
method for the flexible resonant tank is provided.
Compared with the conventional HPS ballast or LED
driver, although the BOM cost and efficiency of the
proposed driver may have no advantages, it brings
convenience for some applications due to compati-
bility and universality. The experiments on a proto-
type verify the effectiveness of the proposed driver.
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