6280

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020

Efficiency Improvement of Multichannel LED Driver
With Selective Dimming

Cikai Ye
Pritam Das

Abstract—There is a widespread application of selective dim-
ming of multichannel LED drivers. In this article, two new selec-
tive dimming methods to improve the efficiency of multichannel
LED drivers are proposed. The proposed methods are based on a
two-stage multichannel LED driver that consists of an ac—dc boost
power factor correction converter at its front-end and a dc—dc
non-resonant converter at its second stage. Primary side digital
peak current control method is applied to the dc—-dc converter to
control the LED peak currents during selective dimming operation.
The auxiliary back-to-back switches are connected across each
transformer winding either at the primary side or secondary side
to perform selective dimming. The duty ratios of these auxiliary
back-to-back switches are varied at lower than switching frequency
of de—-dc converter to control the brightness of LED loads. The
proposed topologies offer high efficiencies in both full load and
during selective dimming operations, and meet the IEEE 1789
recommendation with 3 kHz dimming frequency. The design of the
proposed dc—dc converters, modes of operation as well as detailed
theoretical analysis are presented in this article. A 150-W prototype
of the proposed LED driver with a non-DSP microcontroller is
implemented to verify the feasibility of such LED drivers. Compar-
isons between the proposed methods and the converters reported
previously are presented in the article.

Index Terms—multichannel LED driver, primary side peak
current control, selective dimming, shorting transformer windings.

NOMENCLATURE
Ipri Primary side current.
I pi Peak value of ij,;.
fsw Switching frequency of primary side switches S;

and S2.
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Dimming frequency.

Intermediate dc bus voltage.

Output voltage for each LED channel.

Output current for each LED channel.

Voltage of primary side winding of transformer 7'/.
Voltage of primary side winding of transformer 72.
Voltage of secondary side winding of 7T'/.

Voltage of secondary side winding of 72.
Inductance of primary side leakage inductor.
Turns ratio of 7/ and 72.

Average output voltage of LED channels CHI—
CH4 in Group 1.

Average output voltage of LED channels CH5—
CHS in Group 2.

Current of secondary side winding of 7.

Current of secondary side winding of 72.

Average value of rectified iy,;.

Average value of rectified isec1-

Average value of rectified iseco-

Average LED current of Group 1.

Average LED current of Group 2.

Dimming percentage of LED Group 1.

Dimming percentage of LED Group 2.

Operating duty ratio of S; and S».

Duty ratio of back-to-back switch Sq;.

Duty ratio of back-to-back switch Sgo.

ON-state resistance of S; and S5.

Fall time of S7 and S5.

Switching frequency of S; and S5 in state of no
dimming.

Switching frequency of S; and S5 in state of one-
group dimming.

Forward voltage of secondary side rectifier diodes.
Resistance of series inductor winding.

Peak ac flux density at no dimming switching fre-
quency.

Peak ac flux density at one-group dimming switch-
ing frequency.

Core loss coefficient.

Core cross-sectional area.

Core magnetic path length.

Resistance of primary side winding of 7/ and 72.
Resistance of secondary side winding of 7/ and 72.
ON-state resistance of S¢1 and Sgo for primary side
shorting.
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SecC

ON-state resistance of Sg; and Sgo for secondary

DSon,SG
_ side shorting.
CPas Output capacitance of S, and Sg» for primary side
shorting.
C&Ss Output capacitance of Sg; and Sgo for secondary
. side shorting.
trsa Rise time of Sq1 and Sgo for primary side shorting.
ffng Rise time of S and Sgo for secondary side short-
_ ing.
th'sq Fall time of Sg1 and Sg» for primary side shorting.
ti}ng Fall time of S and S for secondary side short-
ing.
AP oss Total power loss difference between primary side
shorting and secondary side shorting.
APcyr Difference of copper loss of 71 and 72.
AP .sa Difference of conduction loss of Sg1 and Sgs.
APgusa Difference of switching loss of Sq1 and Sgs.
Pesr Copper loss of T/ and 72 for secondary side
) shorting.
PE T Copper loss of T1 and T2 for primary side shorting.
PG Conduction loss of S and So for secondary side
_ shorting.
Pie Conduction loss of Sg1 and Sgo for primary side
shorting.
P Switching loss of Sg1 and S for secondary side
. shorting.
Prsa Switching loss of Sg1 and Sqgo for primary side
shorting.
ic1 LED current of Group 1.
iao LED current of Group 2.
Ipri, T1 Current of primary side winding of 7'1.
Pauxtoss  Auxiliary power loss from output capacitators dur-
ing selective dimming.
m Number of dimming groups.
C, Output capacitance of each dimming group.
Vo Output voltage of each dimming group.

1. INTRODUCTION

ED lighting is being widely used because of its high effi-
L ciency as compared to incandescent bulbs and fluorescent
lights [1]. LED drivers are required for LEDs to operate properly
with dc current but most applications require the drivers to
be operated from 90 to 264 V ac input. To further increase
the efficiency and reduce cost, multichannel LED drivers are
developed to replace single-channel LED drivers. Additionally,
multichannel LED drivers can operate at different brightness for
each individual LED channel. This enables lighting applications
to be more optimized as compared to the use of single-channel
LED drivers. Hence, this leads to the emergence of multichannel
selective dimming LED drivers.

Several multichannel selective dimming LED drivers are pro-
posed in [2]-[18]. In [2], the proposed method uses separate
converters to achieve selective dimming, which reduces effi-
ciency due to multiple stages of energy conversion. In addition,
there is an increased cost due to large number of components
required for each individual LED channel.

6281

In [3]-[8], the proposed non-isolated selective dimming LED
drivers are used in low voltage and low power applications.
According to UL standard [19], galvanic isolation is needed for
ac input and high-power use. Thus, since there is a need to add
one more stage of power conversion, the efficiency is reduced,
and the cost is increased. In [9], the use of single-switch based
isolated flyback converter with auxiliary buck/boost stage for
selective dimming of LED channels is proposed. However, in
high-power applications, the efficiency is greatly reduced due to
hard-switching and large leakage inductance losses.

In [10] and [11], the selective dimming and current balancing
by using switch-controlled capacitor-based LED drivers are pro-
posed. For these two methods, the secondary side of transformers
requires complicated control and the circuits consist of both
active and passive components in every LED channel, leading
to reduced efficiency. The isolated forward converters, which
achieve current balancing in multichannel LED drivers using
magnetic amplifier control, are presented in [12] and [13]. For
every LED channel, an auxiliary bulky inductor is required for
the control and current balancing. Hence, there will be higher
power loss as well as reduced efficiency with increased input
power and selective dimming levels of LEDs.

In [14] and [15], a method of variable inductance control
is applied to realize selective dimming. However, this method
leads to lower power density due to two-winding bulky variable
inductors, and lower efficiency due to higher loss of variable
inductors. The selective dimming function in [16] is realized by
an additional buck stage with control IC applied on the secondary
side of the transformer in each LED channel.

Another selective dimming LED driver is proposed in [17]
and [18] which is based on the primary side peak current control
method. This control method maintains the LED peak currents to
prevent overcurrent from occurring, which will otherwise lead
to electro-migration and hence fast-aging of LEDs [20]. The
proposed topology in [17] also achieves current balancing in
each channel by using symmetric quadrupler rectifiers. In this
solution, the secondary side switches are positioned to be at each
LED channel output to achieve selective dimming by varying
their duty ratios. However, with increased dimming frequency
and number of dimming groups, the efficiency of the LED driver
will drop significantly. This is due to the energy loss through the
discharge of capacitors during the transition at every ON state of
the secondary side switches.

In this article, two new topologies to achieve better efficiency
in selective dimming operations are proposed. These topologies
are based on the multichannel equivalent dimming LED driver
in [21]. The application of symmetric quadrupler rectifiers is
remained for the proposed topologies because of its function of
current balancing for all LED channels, less voltage stresses in
diodes as well as reduced number of transformer windings at
the secondary side [22]. The method based on the back-to-back
switches is proposed for the high-efficiency isolated resonant
converter in [23]. Similarly, the new proposed topologies use
back-to-back switches that are connected in parallel to each
respective transformer winding at primary side or secondary
side. These topologies avoid the energy loss due to discharge of
capacitors during the transition at every switching cycle in [17],
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Fig. 1. Proposed topologies for selective dimming based on isolated dc—dc
non-resonant converter by back-to-back switches placed in parallel with each
respective transformer winding (a) at the primary side shorting and (b) at the
secondary side shorting.

and also meet the IEEE 1789 recommendation with 3 kHz dim-
ming frequency. Also, during the selective dimming operation,
the peak values of LED currents are controlled by using the peak
current control method as proposed in [17]. The average values
of LED currents are varied by the duty ratios of the back-to-back
switches to perform selective dimming operations. The proposed
topologies and modes of operation are presented in Section II.
In Section III, the current control and theoretical loss analysis
will be clearly illustrated and explained. Section IV presents the
experimental and comparison results of the proposed topologies
as well as their advantages of high efficiency in both full load
and selective dimming operations.

II. PROPOSED TOPOLOGIES AND MODES OF OPERATION
A. Proposed Topologies

The proposed topologies with selective dimming shown in
Fig. 1 are based on an isolated dc—dc non-resonant converter
[21] with equivalent dimming. Based on [21], the auxiliary back-
to-back switches Sg1 and Sgo are connected in parallel to the
windings of transformers 7/ and 72, respectively, to achieve
selective dimming for both LED Groups 1 and 2 in Fig. 1, where
the back-to-back switches are connected from source to source
while their drains are connected to the two separate ends of
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Fig. 2. Modes of operation for primary side shorting based on different states
of the back-to-back switches Sg1 and Sg2 for LED Groups 1 and 2 (a) with
Sa1 ON and Sg2 OFF (b) with Sg1 OFF and Sg2 ON.

each respective winding, as shown in Fig. 1. The isolated gate
drivers of Sg1 and Sgo are powered by the housekeeping flyback
converter with regulated voltage of 12 Vdc. In Fig. 1(a), the
back-to-back switches are connected in parallel at primary side
of transformer windings, and in Fig. 1(b), they are connected in
parallel at secondary side of transformer windings.

Based on [17], the primary side peak current control method
is used for the proposed topologies in Fig. 1. In this control
method, the primary side current i, is sampled to control its
peak value I, pi at a fixed value, while the frequency fsw of
switches S; and Ss is being varied. In this way, the peak value
of LED currents is maintained during selective dimming with
constant /5 i and varied fow. As a result, the average LED
currents in Groups 1 and 2 are varied by the duty ratios of Sg1
and S at a given dimming frequency fgi, of 3 kHz.

B. Modes of Operation

For the proposed topologies shown in Fig. 1, the peak current
control method is used to control /,,; px and LED peak currents.
In Fig. 1, when both switches Sg; and S are in OFF state, the
dc—dc converter operates under normal condition as described
in [21]. Fig. 2 shows the modes of operation for the method of
primary side winding shorting in Fig. 1(a).

Fig. 2(a) illustrates the selective dimming operation when Sg;
isin ON state, while S is in OFF state. During this operation, ij,y;
is shorted through Sq1, therefore no current flows to transformer
T1 and the symmetric quadrupler rectifier at the secondary side
of transformer 7'/. Consequently, all the LEDs in Group 1 are
turned OFF, while the LEDs in Group 2 continue to operate
normally. Fig. 2(b) illustrates the selective dimming operation
when Sgo is in ON state, while Sq; is in OFF state. Comparably,
during this operation, iy, is shorted through Sgo, therefore
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there is neither current flow to transformer 72 nor through the
quadrupler rectifier at the secondary side of transformer 72. As
aresult, all the LEDs in Group 2 are turned OFF, while the LEDs
in Group 1 continue to operate normally.

When both LED groups are required to be turned OFF, instead
of turning ON both switches S and Sg2, S and Se will stop
operating. This is to prevent short circuit and reduce power losses
through the circuit when both Sg; and Sgo are in ON states.
According to the above modes of operation, selective dimming
of LED driver is operated through periodic switching between
ON and OFF states of switches S¢1 and Sgo.

Similar modes of operation occur for the method of secondary
side winding shorting in Fig. 1(b).

III. CURRENT CONTROL AND THEORETICAL LLOSS ANALYSIS
OF PROPOSED CONVERTERS

This section provides analysis of the proposed LED driver
with the selective dimming function as well as developing the
design for a prototype rated at 150 W. In this design, the LED
driver prototype is supplied by input of 230 V rms and 60 Hz ac
mains with 400 V intermediate dc bus voltage Vpc. During LED
conduction, the output voltage V,, and current I, are 40 V and
450 mA, respectively, for each LED channel (12 LEDs in one
channel [1]). The two LED groups of the proposed LED driver
are applied with selective dimming of down to 5%, and its pulse-
width modulation (PWM) dimming switching frequency of 3
kHz meets the IEEE 1789 recommendation. For this analysis,
the methods in Fig. 1(a) and (b) are similar.

A. Analysis of Primary Side Peak Current Control Method

In [21], the constant frequency control method for switches S;
and Ss can transfer power through the transformers to drive the
LEDs, however, it is unable to maintain the primary side peak
current Iy pic at a fixed value during the transient change of LED
loads. These instantaneous LED current pulses may resultantly
exceed the rated current values, hence leading to overcurrent in
LEDs. Consequently, such recurrent phenomenon will lead to
electro-migration and eventually fast aging of LEDs [20].

As described in [17], I,y pk is kept constant under the peak
current control method. In this way, there will not be any current
pulses in the LEDs during their load transient states, unlike
the constant frequency control method. Under the peak current
control method, the switching frequency fsyw is varied based on
I pi during the selective dimming operation.

For the peak current control method analyzed in [17], when
the primary current i, reaches its peak, the switches S; and
So will change states. Therefore, because of the proportional
relationship between I, i and LED peak current during the
conducting state, both of them remain constant. According to
[17], fsw can be written as follows:

Ve 2
F 3% — (Jvpriyma| + [vpriT2]) W
SW =
2Ipri,kaDCle
Upri,T1 = NUSCC,Tl (2)
Upri, T2 = stec,T2~ (3)
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Fig.3. Two separate conditions of switching frequency fsw varied by different
states of back-to-back switches Sg1 and Sg2 under peak current control.

According to principles of the quadrupler rectifier [22],
[Vsec,T1] and |vsec, 12| are equal to average output voltages of
LED channels CHI-CH4 V(1 4)avg in Group 1 and channels
CH5—CH8 Vo (5-8)avg in Group 2, respectively. Since N, |[gec, 1/,
and [vsec 2| are constant, |vpyi 11| and |vp,i 12| are also constant
based on (2) and (3).

Fig. 3 illustrates the two separate conditions of fgy that varies
according to different states of switches Sg1 and Sg under the
peak current control. In Fig. 3, the magnitudes of i,,; are kept
constant as defined by £/, px. Ignoring the loss, the energy
between the transformer primary side and secondary side should
be equal. According to the above analysis, since |vpri7T1| and
[Vpri,T2| are constant, the energy equation between transformer
primary side and secondary side can be given by the following
equations:

|vpri,T1| |Z‘pri|avg - |'USCC,T1| |isocl|avg - 4Vvo(l—él)avg;Io (4)

|vpri,T2| |Z‘p1ri|avg = |vscc,T2| |iscc2|avg = 4Vo(5—8)ango~ (5)

Since the rectified primary side current |i,,;| is shaped like a
triangle, the relationship of its average value with I, pic can be
given by

1

|ipl'i|avg = §Ipri,pk~ (6)

Based on (1)-(6), fsw can be derived as follows:

Yic _ (NV, NV, :
fow = N~ (NVo1-a)ave + NVo(s-8)ave)
W 16Voc Lud, '
Hence, under the peak current control, fsw is a function of
I, V0(1—4)avg and Vo(5—8)avg~

@)

B. Control of Primary Side Current and Currents in LEDs
During Selective Dimming

Using peak current control method, the LED peak currents are
controlled. To realize selective dimming operation, the average
currents of both LED Groups 1 and 2 are controlled by the
duty ratios of switches Sq1 and Sqo, respectively, at dimming
frequency fqim. For the proposed topologies, the selective dim-
ming operation is achieved by controlling the primary side peak
current using switches S; and So as well as controlling the
average LED currents using back-to-back switches Sg; and Sgo.
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In this article, the dimming frequency fgin, is set at 3 kHz.
This is because according to IEEE 1789 recommendation, the
no-effect region of LED dimming frequency based on the PWM
dimming should be more than 3 kHz [24]. With reference to the
explanation in [17] and shown in (8), the average LED currents
lave,q1 and Iyye g2 of Groups 1 and 2, respectively, are varied
according to the dimming percentages Doy and Do of the
respective LED Groups 1 and 2

Iavg,Gi = D%iIo ()

where i = 1 or 2. As described in Section II-B, when both LED
groups are required to be turned OFF, instead of turning ON both
switches Sg1 and Sgo, switches S; and S5 will stop operating.
Thus, at fgim of 3 kHz, the operating duty ratio Dy, of the
primary side switches S and So, dimming percentages Dy, and
Dy, of the respective LED Groups 1 and 2, can be derived in
the following equations:

Dpri = max {D%l, D%Q} (9)
D%l = Dpri - DGl (10)
Doy = Dpyi — Dao. (11)

C. Loss Analysis and Comparison of DC—-DC Converter
During Selective Dimming Operation Between Methods of
Primary Side Shorting and Secondary Side Shorting

In this subsection, the loss of the proposed dc—dc converters
with selective dimming is analyzed. Table I shows the theoretical
analysis of loss for both the methods in Fig. 1. The parameters
of kg, Ae, l,,, and the constant 8 can be determined from the
datasheet and loss chart of the respective transformer core and
series inductor core. The turn-ON loss of S; and S5 is ignored due
to complete zero voltage turning ON of MOSFETS as mentioned
in [17].

Table II shows the theoretical analysis of power loss differ-
ences between methods of primary side shorting and secondary
side shorting. For the switching loss of switches S¢1 and Sgo,
they have no loss in no dimming state, have both turning-ON
and turning-OFF losses in one-group dimming state, and have
turning-OFF loss only in two-group dimming state since the
voltage and current of transformer windings are zero when
turning ON.

Table III shows the essential components of dc—dc converter
with selective dimming. Based on Tables I-III, Fig. 4 shows
the efficiency analysis of dc—dc converter with selective dim-
ming for the method of primary side shorting. The dimming
difference of percentage implies that the difference of dimming
percentage of two LED groups, e.g., 50% output of Group 1
and 30% output of Group 2 for total 40% output with 20%
dimming difference. One LED group maintaining full load with
another group dimming is named as one group dimming. For
any dimming conditions, 0.44 W auxiliary power consumption
for micro-controller and signal circuits is considered.

According to (9)—(11), if Do > Doy, Dpyi = Dogi and ADy,
= Dy;1 — Dgyo. For same power level, (Dy,1 + Dy2) is constant.
Hence, under this condition, as ADy; increases, Dy,1 increases
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TABLE I
THEORETICAL LLOSS ANALYSIS OF THE PROPOSED TWO TOPOLOGIES WITH
SELECTIVE DIMMING
Total loss  Description ~ Equations
MOSFET  Conduction Vi 2
,pk
Syand S, loss Py 2[ jg" j Risonpi Dy (12)
Switching
1oss Pau ) lV I fsw,nu( pri | - D/uz‘)
) DL pripk £ pri
Jrfsw.one ‘D%l _D%z‘
(13)
Diode Conduction
Dy-Dy loss Pep 4r, P“gk (D, +Dy,) (14)
Transfor-  Core loss
mer 71 Peorer Al o pu ‘D/l D/f.z‘)
and 72 kAL,
one ‘D/l D/nZ‘
(15)
Series Core loss
D,-D.)
Inductor Peore. /m pu ‘ %l — v
t kA, m[ (16)
Copper loss 2
Peus [ %kj RyD,, (17)

Dimming difference of
two groups of LEDs:
—=— 0% 10%
—a— 20% —»— 30%
——40% —<—50%
—>—60% —e— 70%
—x— 80% —e— 90%
—<—100%

—a— One group dimming

Efficiency Analysis of DC-DC Converter
©
s
X

45 60 75 90 105 120 135 150
Output Power (W)

0 15 30

Fig. 4. Efficiency analysis of the dc-dc converter with selective dimming
operation at dimming differences from 0% to 100% with 10% increments under
the method of primary side shorting.

while Dy decreases, and hence D,,; increases. Since most
of the power losses are directly proportional to D,; based on
Tables I and II, the total power losses increase with increased
D,,.i. Hence, as the dimming difference ADy, of two LED groups
increases, the efficiency will drop under same output power as
shown in Fig. 4. It is same for the condition of Doy > Do .
For one group dimming, the dimming difference ADy; is largest
under same output power conditions. Hence, the efficiency under
one group dimming is lowest, as shown in Fig. 4. The loss
and efficiency analysis results are similar for the method of
secondary side shorting.
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TABLE II
THEORETICAL ANALYSIS OF POWER LOSS DIFFERENCES BETWEEN METHODS OF PRIMARY SIDE SHORTING AND SECONDARY SIDE SHORTING

Total loss Description Equations
P Primary Side Shorting Secondary Side Shorting
Transformer  Copper loss I
TMand2  Peur [ ] R, +N'R,.)(Dyy + Do) = x (Do + D, ) (18) [ Ij (R,+NR,)D,, =a,x2D,, (19)
MOSFET Conduction I NV
Seiand Sqz 1088 Pesg [ J 2R}, (2D, ~ D, ~D,,) [ Pji J 2R3, (2D, ~ Dy =D, )
(20) 3 @
=pfx 2D -D,,-D, ) =p,x (2Dpr‘i =D, =Dy, )
Switching i N2y L( e o
loss Pyysa ( ossN v, +NVIpH ks +NV1pupA fso)fdzm 7 (22) E(Cbssl/; +V:71prl pANtVS(z len pANthG)-fdxm =7 (23)

TABLE III
ESSENTIAL COMPONENTS OF TWO PROPOSED DC-DC CONVERTERS WITH
SELECTIVE DIMMING

Symbol Description Parameter

5S> Power MOSFETs IPP65R190C7 (650 V)

S61,562 Power MOSFETs SIR690DP-TI-TE3 (200 V)
(for primary side shorting)
SIR668DP-TI-RE3 (100 V)
(for secondary side shorting)

T1,T2 Transformer PQ-2625, 3C95, Ferroxcube.
Primary: 29Ts, 105/42 litz wire;
Secondary: 16Ts, 85/39 litz wire;
Magnetizing inductance: 5.7 mH
(120 kHz) on primary side winding;
Leakage inductance: 12 pH reflected
on primary side.

D;-Ds Output diodes TSP15H120S S1G

Cy1,Ch Intermediate capacitor 2.2 pF, 250V ECQ-E2225KF

Cyur,Coz - Blocking capacitor 2.2 uF, 100V CL32B225KCJSNNE

C-C,, Quadrupler capacitor 2.2 uF, 100V CL32B225KCJSNNE

Cr-Cs

C;-Cs, Output capacitor 2 x 4.7 uF, 80V

Co-C), GRM32ER71K475KE14L

The loss comparison of two proposed methods is defined as
follows:

A-Ploss = A}DCu,T + APCSG + A-PSWSG
(Peer — P2y ) + (Pt — PRG)
+ (Pise — Phita) -

Based on Tables II and III, the coefficients can be calculated
that oy = g = 0.2354, 81 = 0.09333, 8o = 0.04147, v, =
0.00680, and y5 = 0.00791. Since v1 < y2, APswsG =72 —71 18
always greater than zero under same dimming conditions of two
methods. APgysq is constant, hence APy can be expressed
as follows:

(24)

APioss :(042+52 _51)(2D _D%l _D%2)+APSWSG'
(25)

From (25), (2 + f2—f1) = 0.18354 > 0. Hence, AP)oss >

O forall values of Dy, D1, and Dy;o. As aresult, the power loss
for the method of secondary side shorting is always greater than

the primary side shorting under the same dimming condition.

pri

© ©
3 2
S >
1 )

96% -

—=— Two groups dimming of primary side shorting
Two groups dimming of secondary side shorting

—&— One group dimming of primary side shorting

—w— One group dimming of secondary side shorting

Efficiency Analysis of DC-DC Converter

© © © ©

R 2 & 8

> > > >
1 1 1

0 15 30 45 60 75 90 105 120 135 150
Output Power (W)

Fig. 5. Efficiency comparison of dc-dc converters with selective dimming
operation at one-group dimming and two-group dimming of 20% dimming
difference under methods of primary side shorting and secondary side shorting.

According to (25), APy is proportional to (2Dp,i — Dyq —
Do;5). From (9), if Doy > Dos, Dpri = Dg,1. Hence, AP)ogs 18
proportional to ADg, = D1 — Dg;o. For the same total output
power level, (Do,; + Doo) is constant. Hence, as ADg; increases,
Dg,1 increases and Do decreases, which leads to increased
AP loss-

According to the above analysis, Fig. 5 shows the efficiency
comparison of the two proposed methods at one-group dim-
ming and two-group dimming of 20% dimming difference. For
two-group dimming of 20% dimming difference, although the
efficiency of primary side shorting is a bit higher than secondary
side shorting as analyzed in (25), the difference in efficiency
between the two methods is not significant, as shown in Fig. 5.
However, for the one-group dimming, where Do; = 1, ADg,
increases with reduced Dy;s. Hence, APy, increases with the
reduced output power. As a result, the difference in efficiency
between two methods becomes larger with reduced power at
one-group dimming operation, as shown in Fig. 5.

According to the values of coefficients, a1 and «o are several
times larger than 3 and 35, and 3; and 35 are much larger than
~1 and 2. Hence, the main loss difference of these two methods
is the transformer copper loss according to Table II. This shows
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Fig. 6. Proposed two-stage multichannel selective dimming (3 kHz) LED
driver with the method of primary side shorting. (a) Prototype (27 cm x 7
cm). (b) Overall block diagram.

the advantage of the method of primary side shorting compared
to secondary side shorting.

IV. EXPERIMENTAL RESULTS

Fig. 6(a) illustrates the proposed two-stage multichannel se-
lective dimming (3 kHz) LED driver prototype with the method
of primary side shorting rated at output power of 150 W. Fig. 6(b)
shows the overall block diagram of this LED driver. The LED
driver is supplied by input of 230 V rms and 60 Hz ac mains.
The first stage of this prototype is the well-known full-bridge
boost power factor correction (PFC) converter controlled by IC
TIUCC28180D with output dc bus voltage Vpc of 400 V. Under
input of Vpc, the housekeeping flyback converter generates
primary side dc output at 12 V to supply the PFC control IC.
The flyback converter also generates secondary side dc output
at 10 V to supply the gate drivers of switches S1 and S5. To
generate a 3.3 V output for the signal circuit and micro-controller
power supply, an low dropout regulator (LDO) with secondary
side dc voltage input is used. Two auxiliary windings from the
flyback transformer with half-bridge rectifiers are used to power
two isolated gate drivers of switches Sg1 and Sgo at 12 'V, and
hence it avoids using the auxiliary isolated dc—dc converters.
The second stage of the prototype is the proposed isolated dc—dc
non-resonant converter with selective dimming by the method
of primary side shorting with Vpc input, as shown in Fig. 1(a).
The micro-controller STM32F103RBT6 is used to perform peak
current control and selective dimming operation. The prototype
with the method of secondary side shorting is similar compared
to primary side shorting. For the method of secondary side
shorting, the switches Sg1 and Sgo are removed from primary
side to secondary side of transformer windings.
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Fig. 7. Steady-state waveforms of LED currents i1 and ig2 in Groups 1 and
2 respectively, primary side current iy, and current of primary side winding
of transformer T/ ipyi, 71 of proposed LED driver under peak current control
method with primary side shorting. (a) Both Groups 1 and 2 at full load state (b)
in Group 1 no load state and Group 2 full load state (i1 and ig2: 500 mA/div,
ipri and ippi 710 5 A/div, £: 10 ps/div).

Figs. 7-14 are based on the method of primary side short-
ing. The experimental results of the method of secondary side
shorting are similar to the method of primary side shorting.

Fig. 7 shows the waveforms of LED currents ig; and igo
of Groups 1 and 2, respectively, primary side current 7,,;, and
current of primary side winding of transformer 77 i,y 11 at
steady state of the proposed LED driver using peak current
control with the method of primary side shorting. Fig. 7(a) shows
the LED currents under no dimming state (full load at 450 mA)
at switching frequency fgw of 76 kHz which is equal to that
of ipyi. ipri,71 follows the dimming condition of LED Group 1,
and hence it is equal to i, at full load of Group 1 as shown in
Fig. 7(a). Fig. 7(b) shows the Group 1 LED current iy at no
load and Group 2 LED current i at full load at fgw of 128 kHz.
In Fig. 7(b), ipri,T1 is zero since Group 1 is at no load. Under the
peak current control, the peak values of iq1, ig2, Tpri, and ipyi T1
are kept constant during their ON states as shown in Fig. 7.

Figs. 8 and 9 show the waveforms of ig1, iq2, ipri, and i, 11
under peak current control with the method of primary side short-
ing for one-group and two-group selective dimming operations,
respectively. The average currents of respective dimming groups
of LEDs are kept at corresponding values, and their peak values
are controlled during the ON states.

According to Figs. 7-9, the higher value of either i1 or igo
follows the operation duty ratio of ij,.;, which is the same as the
analysis in (9)—(11), and the average value of i follows that
of operation duty ratio of i 71, as analyzed in Fig. 2. Hence,
when LED Group 1 undergoes full dimming state (no load),
ipri, T1 gOes to zero current (no current flowing).

Fig. 10 shows the waveforms of iq1, iG2, ipri, and iy, 71 under
the constant frequency control with the method of primary side
shorting for selective dimming. In Fig. 10(a), the average and
peak values of LED current in Group 2 increase by 20% and
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Fig. 8.  Selective dimming waveforms of i1, iG2, ipri» and ipri,T1 of the
proposed LED driver under peak current control method with primary side
shorting. (a) ig1 at full load and iG2 at 200 mA average. (b) ig1 at 300 mA
average and ig2 at full load (i1 and ig2: 500 mA/div, iy and ipri,T1: 5 A/div,
t: 500 ps/div).
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Fig. 9.  Selective dimming waveforms of iG1, ig2, ipri, and ipri,T1 Of pro-
posed LED driver under peak current control method with primary side shorting.
(a)ig1 at 150 mA average and i at 250 mA average. (b) i1 at 350 mA average
and ig2 at 25 mA average. (¢) ig1 at no load and ig2 at 250 mA average (ig1
and ig2: 500 mA/div, ipyi and ipri,T1: 5 A/div, £: 500 ps/div).

50%, respectively, during the dimming operation, as compared
to the same dimming conditions in Fig. 8(b) under peak current
control. In Fig. 10(b), under two-group dimming operation,
although the average LED currents of both Groups 1 and 2
are controlled at corresponding values, the peak value of LED
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Fig. 10.  Selective dimming waveforms of ig1, iG2. ipri, and ipri,T1 Of the
proposed LED driver under constant frequency control method with primary
side shorting. (a) i1 at 300 mA average and ig2 at full load. (b) ig1 at 350 mA
average and ig2 at 25 mA average (iq1 and ig2: 500 mA/div, ipri and ipri T1:
5 A/div, t: 500 ps/div).
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Fig. 11.  Transient states of i1, iG2. ipri and ipri, 71 Of proposed LED driver
under peak current control method with primary side shorting. (a) Group 1 from
ON to OFF state and Group 2 at full load. (b) Group | from OFF to ON state and
Group 2 at full load (ig1 and igz2: 500 mA/div, ipyi and ipyiT1: 5 A/div,
20 ps/div).

current for Group 1 increases by a significant 48% as compared
to that of Fig. 9(b) under peak current control. The significant
increase in peak values of LED currents will exceed the threshold
values of LEDs and in turn reduce their lifetimes [20]. This
shows the advantage of the peak current control method.

Figs. 11-13 show the transient states of iq1, ig2, ipri,» and
ipri, 71 under peak current control with the method of primary
side shorting for selective dimming. In Fig. 11, LEDs in Group 2
are set at full load throughout, while LEDs in Group 1 undergo
transient states from ON to OFF and vice-versa. In Fig. 11(a),
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Fig. 12.  Transient states of i1, iG2, ipri, and ipri, 71 Of the proposed LED
driver using peak current control method with primary side shorting. (a) Group
1 from ON to OFF state and Group 2 at no load. (b) Group 1 from OFF to ON state
and Group 2 at no load (ig1 and ig2: 500 mA/div, ipri and ipei, 710 5 A/div, £
20 ps/div).
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Fig. 13.  Transient states of iq1, iG2, ipri» and ipri,T1 of the proposed LED
driver under peak current control method with primary side shorting. (a) Both
Groups 1 and 2 from full load to no load. (b) Both Groups 1 and 2 from no load
to full load (ig1 and ig2: 500 mA/div, ipyi and ipri T1: 5 A/div, £: 20 ps/div).

during the transient state when LEDs in Group 1 changes from
ON to OFF state, the switching frequency fsw of switches S; and
Sy increases. Vice-versa, in Fig. 11(b), fsw decreases during
the transient state when LEDs in Group 1 changes from OFF
to ON state. Fig. 12 shows LEDs in Group 2 are kept at no
load throughout while LEDs in Group 1 undergo transient states
from ON to OFF and vice-versa. In Fig. 12, the switches Sy
and Sy operate at high switching frequency (128 kHz) under
LED conducting condition. Fig. 13 shows both groups of LEDs
undergo transient states from ON to OFF and vice-versa at the
same time. In Fig. 13, the switches S; and Ss operate at low
switching frequency (76 kHz) under LED conducting condition.
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Fig. 14.  Dynamic performance of iG1, iG2, ipri» and ipri,T1 of the proposed
LED driver under peak current control method with primary side shorting
(a) from both groups at full load to Group 1 at 10% and Group 2 at 20% output
power and (b) from Group 1 at 10% and Group 2 at 20% output power to
both groups at full load (i1 and ig2: 500 mA/div, ipyi and ipriT1: 5 A/div,
500 pes/div).

According to Figs. 11-13, the peak current control method
performs well for transient of dimming for both LED groups.

Fig. 14 shows dynamic performances of iq1, iG2, ipri, and
ipri,T1 under peak current control with the method of primary
side shorting. Fig. 14(a) shows dynamic transient states of both
Groups | and 2 from full load to respective 10% and 20% output
power. Fig. 14(b) shows dynamic transient states of Groups 1
and 2 from respective 10% and 20% output power to full load.

Fig. 15(a) shows the efficiency of the proposed dc—dc part of
LED driver with the method of primary side shorting at dimming
frequency of 3 kHz. The efficiencies are based on the dimming
difference between two groups of LEDs from 0% to 100% at
10% increments. Similar to the analysis in Fig. 4, under same
output power, the efficiency decreases as the dimming difference
between the two groups of LEDs increases.

Fig. 15(b) shows the comparison of dimming efficiency of the
proposed dc—dc part of LED drivers under one-group dimming
and two-group dimming (20% dimming difference) operations
between methods of primary side shorting and secondary side
shorting. For both dimming operations, the method of primary
side shorting has higher efficiency than secondary side shorting,
which is the same as analyzed in Section III-C. For one-group
dimming condition, the difference of efficiency between the
primary side shorting and secondary side shorting increases with
reduced output power, as shown in Fig. 15(b), which is same as
analyzed in Fig. 5.

In Fig. 15(c), the dimming efficiencies of the dc—dc part
of LED drivers among the proposed primary side shorting
topology, secondary side shorting topology, and LED drivers in
[11], [14], [15], [17] are compared. The dimming frequency for
methods of primary side shorting and secondary side shorting is
3 kHz, and while the same is only 250 Hz in [17]. For the same
output power, the two proposed methods of selective dimming
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TABLE IV
COMPARISON OF THE EXISTING LED DRIVERS FOR N GROUPS OF LEDS SELECTIVE DIMMING

Maximum efficiency at input ac rms voltage
Paver Topology No.of LED  Dimming gx‘nfm ‘i?]c 'i“s Ouput ! 1 yainp g
P for isolation channels method s pu power M ISO at@d DC DC & Inputac
frequency  voltage system dimming circuit  rms voltage
[9] Flyback N PWM 240 Hz / 20W / / 110/230 V
[10] Resonant 2N AM / 48V 20 W / 93.4% /
[11] Resonant N AM/PWM 300 Hz 400 V 60 W / 85.5% /
[12] Forward N AM/PWM 200 Hz 20-30 V 16.5W / 88% /
[13] Forward N PWM 60 Hz 400 V 30W / / /
[14] Forward N AM / 48V 544 W / 86% /
[15] Non-resonant N AM / 380V 50 W / 90.5% /
[16] Resonant N AM/PWM 200 Hz 400 V 100 W 87.5% / 240V
[17] Non-resonant 2N AM/PWM 250 Hz 400 V 150 W 94.3% 97.3% 230V
Proposed primary Non-resonant 4N AM/PWM 3 kHz 400 V 150 W 94.3% 97.3% 230V
Proposed secondary ~ Non-resonant 4N AM/PWM 3 kHz 400 V 150 W 94.3% 97.3% 230V
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Fig. 15. (a) Dimming efficiency of proposed dc-dc part of LED driver based
on method of primary side shorting at dimming frequency of 3 kHz. (b) Com-
parison of dimming efficiency of proposed dc—dc part of LED drivers between
primary side shorting and secondary side shorting topologies. (¢) Comparison
of dimming efficiency of dc—dc part of LED drivers among proposed primary
side shorting topology, secondary side shorting topology and LED drivers in
[11], [14], [15], and [17].

have higher efficiencies than the LED drivers in [11], [14], [15],
and [17].

The two proposed methods in this article have the advantage
of higher efficiencies during selective dimming since it avoids
the issue in [17] that the energy from output capacitors of LED
channels is wasted during each PWM dimming switching cycle,
and the loss will be higher with increased dimming frequency,
output capacitance, and number of dimming groups as shown in
the following equation:

1
PauxLoss = mico Vc%fdinr (26)

In[17], Vi is typically 80V, and fg;,, is 250 Hz. The summary
of comparison among the two proposed methods and the existing
LED drivers for selective dimming [PWM or amplitude modu-
lation (AM) dimming] is shown in Table IV. Based on Table IV,
most of the previous methods including their own work would
implement selective dimming at frequencies less than 500 Hz
and fail to meet the IEEE 1789 dimming recommendation which
requires PWM dimming frequency to be at least 3 kHz for work-
ing in the no-effect region. The AM-based dimming methods
for previous work have lower efficiency with variable inductor
control method due to higher loss of variable bulky inductors
for each channel of LEDs in [14] and [15]. The two proposed
methods in this article use the methods of shorting primary
side or secondary side windings of transformers for selective
dimming, so that the dimming frequency is independent on the
losses incurred. Therefore, the proposed methods in this article
achieve the efficiency improvement of selective dimming for
multichannel LED driver and meet IEEE 1789 recommendation
for LED dimming.

V. CONCLUSION

In this article, two selective dimming methods have been
proposed to improve the dimming efficiency of the two-stage
multichannel LED driver. The new solutions utilize back-to-
back switches connected in parallel with each respective primary
side or secondary side transformer windings, to prevent power
loss caused by output capacitor energy wasted through dimming
switches at every dimming period in [17], and also meet the IEEE
1789 recommendation with 3 kHz dimming frequency. During
selective dimming, the LED peak currents are controlled under
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peak current control method. As such, the average currents of
each respective LED group are varied according to duty ratios
of back-to-back switches. The proposed topologies, modes of
operation, detailed theoretical analyses have been covered in this
article. A 150 W LED driver prototype and a non-DSP micro-
controller are implemented to verify the theoretical analysis.
The experimental results validate the improved efficiency in the
dimming operation of the proposed topologies. The comparisons
between the two proposed methods and the converters reported
previously have been presented.
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