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Analysis and Design of a Digital-Controlled
Single-Stage Series-Type LED Driver With
Independent N-Channel Output Currents

Jian Huang *“, Quanming Luo

Abstract—In the applications such as mixed-color light emit-
ting diode (LED) lighting system, LED drivers are always required
to provide constant current for each LED string and each current
should be controlled independently. For this purpose, a single-stage
series-type LED driver with independent control of N-channel out-
put currents is proposed in this paper. The function of power factor
correction can be realized inherently to obtain high power factor.
N active output units, each one made up of a power switch, a
diode, and an output filter capacitor, are series-connected to form
the series-type N-channel outputs structure. According to different
current reference values, N-channel output currents can be inde-
pendently regulated just by sampling each output current to adjust
the duty cycle of each secondary output-switch automatically. The
operating principle and independent closed-loop control strategy
of the proposed LED driver with N = 3 are analyzed as an ex-
ample in detail. Finally, the quantitative parameter design method
for a 120 W prototype is elaborated. And, the experimental results
are presented to verify the effectiveness of the LED driver and the
correctness of parameter design method.

Index Terms—Active output unit (AOQU), independent control of
current, light emitting diode (LED) driver, N-channel outputs.

1. INTRODUCTION

IGHT emitting diode (LED), as a new kind of green light-
L ing source, which uses solid semiconductor chip as lu-
minescent material to convert electric energy into light energy
directly, has many outstanding advantages such as long lifetime,
high lighting efficiency and non-pollution, etc. Therefore, LEDs
have been widely used in lighting field [1]-[4]. In the applica-
tions of mixed-color LED lighting, for instance, multi-color
LED ambient lighting system, RGB mixed-color LED lamp,
LED projection, LED driver with multiple output currents are
required to drive multiple LED strings. Moreover, each output
current always needs to be controlled independently [S]-[7].
To achieve independent control of multiple output currents,
the most direct way is to add a current regulator for each LED
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string. Thus, each output current can be regulated independently
by the respective current regulator. However, this solution will
increase cost and reduce power density of LED driver [8]-[11].
Correspondingly, the single-inductor multiple-output (SIMO)
LED drivers have attracted more and more attention recently
[5], [12]-[15], [18]. Here, each output unit includes an indepen-
dently series-connected power switch, and then all output units
are parallel-connected to one end of an inductor. The current
of each output unit is equal to the inductor current when the
series-connected power switch is turned ON. Hence, indepen-
dent regulation of each output current can be achieved by the
time-division multiplexing (TDM) control method [14], [15].
However, the front-end power factor corrector is always needed
to realize the function of power factor correction and form a
stable dc voltage in ac input applications, which is actually a
two-stage driving scheme [16], [17]. To simplify circuit struc-
ture, reduce cost, and increase power density, a single-stage
ac/dc SIMO LED driver has been proposed in [18]. The Buck
converter operating in discontinuous conduction mode (DCM)
can obtain high power factor inherently. Similarly, independent
regulation of each output current can be achieved by TDM
control method above. It can be seen that there is only one
output-switch operating in ON state at any given moment for all
the SIMO LED drivers mentioned above, which will reduce the
effective operating frequency of each LED channel [19]. How-
ever, the TDM control method can share some components in
the control circuits, which is benefit to further reduce the total
cost.

It is observed that the key to achieve independent control
of multiple output currents is the controllability of each output
unit. That is, adding a power switch for each output unit and
regulating the duty cycle of the power switch can ensure that
each output current keeps constant and is not equal to each other.
The SIMO structure above can be considered as a parallel-type
scheme since all output units are parallel-connected to one end
of the common inductor. According to the duality principle, the
series-type scheme can also achieve the same control objective
in theory. That is, a power switch is parallel-connected with the
corresponding LED string to form an output unit and all out-
put units are series-connected, each output current can also be
regulated by the duty cycle of the switch since the LED string
will be shorted when the parallel-connected switch is turned
ON. If the front-end circuit can provide the same input current
for each output unit, then independent control of multi-channel
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Fig. 1. Topology derivation of the proposed LED driver with independent
control of N-channel output currents.

output currents can be realized by adopting different ON—OFF
control for all power switches. Accordingly, a single-inductor
LED driver for N series-connected LED channels has been in-
troduced in [19], which has the merits of 1) just requiring N
switches, 2) allowing concurrent driving of all LED channels in
every switching period, and 3) being insensitive to the transition
switching from one channel to another. However, the input of
this LED driver is dc voltage, which will limit its utilization in
ac input applications.

In [20], a single-stage isolated high power factor LED driver
with leakage inductor energy recycling is proposed as shown
in Fig. 1(a), which integrates a Buck—Boost converter with a
Flyback converter by sharing a power switch. The Buck—Boost
converter operating in DCM can achieve high power factor in-
ternally. The voltage spike and ringing on the power switch is
alleviated due to the leakage inductor energy is recycled via a
unidirectional diode, so the switching loss can be reduced. How-
ever, lower magnetic core utilization results in large volume of
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the transformer and limits its use in high power applications. To
improve the magnetic core utilization and increase the power
level, a voltage doubler rectifier (VDR) is added in the secondary
side of the transformer as shown in Fig. 1(b), thus, the energy
can be transferred whenever the switch is turned ON or turned
OFF. Furthermore, the voltage stress of the secondary diodes
can be reduced remarkably to lower the switching loss [21].
Due to the advantages of the single-inductor series-type LED
driver presented in [19], the N series-connected LED channels
can be used to achieve independent control of each output cur-
rent. That is to say, the single inductor with N series-connected
LED channels can be directly regarded as the load of the LED
driver with VDR, as shown in Fig. 1(c), where each LED chan-
nel has been added a parallel-connected output filter capacitor
compared with the LED driver in [19]. It can ensure that the LED
channels can be activated at full power and the high-frequency
ripple of output currents can be filtered to obtain smooth output
currents. According to the ampere-second balance principle, the
current flows through the inductor L, is equal to the discharge
current of the secondary blocking capacitor Cy,. For the sake
of simplifying the topology structure and saving the cost, two
output diodes D,,/D,y,, a filter capacitor C,, and a single induc-
tor L, all can be removed. Therefore, a single-stage series-type
LED driver with independent N-channel output currents can
be proposed as depicted in Fig. 1(d). The secondary blocking
capacitor is employed to ensure the volt-second balance of trans-
former and then provide the common input current of all LED
channels after the primary switch is turned OFF. Here, a parallel-
connected power switch, an output diode, and an output filter
capacitor can be regarded as an active output unit (AOU). All
AOQOUs are series-connected to form the series-type N-channel
outputs structure, which can be driven concurrently in a switch-
ing period. By regulating the duty cycles of all output-switches
So1—Son can make sure that the conduction time of each AOU
is not equal. Hence, independent control of N-channel output
currents can be achieved easily.

In the following sections, the proposed LED driver with
N = 3 has been theoretically analyzed and experimentally vali-
dated in detail. The main contents of this paper is organized as
follows. In Section II, the operating principle of LED driver is
described. The independent closed-loop control strategy (ICCS)
in digital signal processor (DSP) and the quantitative parameter
design method are presented in detail in Sections III and IV, re-
spectively. The experimental results are given in Section V, and
a detailed comparative analysis is made in Section VI. Finally,
the conclusions are summarized in Section VII.

II. ANALYSIS OF OPERATING PRINCIPLE
A. Circuit Description

The equivalent circuit of the proposed LED driver with N =3
is depicted in Fig. 2, where the ac input voltage source, the LC
low-pass filter, and the diode bridge rectifier are substituted by
arectified sinusoidal voltage source V.. and a series-connected
diode D,... Besides, the isolation transformer T is modeled
by an ideal transformer with a parallel-connected magnetizing
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Fig. 2. Equivalent circuit of the proposed LED driver with N = 3.

inductor L,, and a series-connected leakage inductor L,, where
the turns ratio is defined as n.

The Buck—Boost PFC unit is formed with a power switch
Sw, a diode Dy, an inductor Ly, and an energy-stored capac-
itor C4., whose main function is to obtain high input power
factor. Besides, the isolated series-type three-channel outputs
dc/dc conversion unit is formed with the same power switch
Sw and capacitor Cy., a diode D,, an isolation transformer 7, a
blocking capacitor Cj,, and three AOU (that is AOU;, AOU,,
and AOUj;), whose main function is to realize electrical iso-
lation and fully independent regulation of each output current.
It can be seen that the structures of three AOUs are same and
each of them is made up of an output switch, an output diode,
and an output filter capacitor, where D1, Ds, and D3 are the
intrinsic diodes of S,1, So2, and S,3, respectively. Additionally,
the snubber capacitor C;.. is used to recycle the leakage energy
of the isolation transformer.

B. Operating Mode Analysis

Here, assume that the average values of three output currents
to satisfy the following relationship: 1,3 > I,9 > I,1. The anal-
ysis processes are nearly similar when the relationship among
the values of 1,1, 1,2, and I,3 is changed. Since the inductor
current i, and the magnetizing inductor current i,,,, are both
designed to operate in DCM, there are a total of nine operating
modes during an entire switching period 7. The main operating
waveforms and the equivalent circuits for each operating mode
are shown in Figs. 3 and 4, respectively. As shown in Fig. 3,
ip is supposed to decrease from peak value to zero earlier than
iLm, and Qy, 01, O2, and Q3 denote the drive signals of four
switches Sy, So1, So2, and S,3, respectively.

Mode I [ty—t1, Fig. 4(a)]: The primary switch S,, is in ON-
state, while the switches S,1, S,2, and S,3 are in OFF-state. The
inductor current it increases linearly from zero at time 7, and
the energy-stored capacitor Cq. begins to discharge. Besides,
the magnetizing inductor current it,,, and the leakage inductor
current i, also increase linearly from zero as the magnetizing
inductor Ly, is clamped by the voltage nV(;, in this mode. How-
ever, ir, increases faster than i, as the value of the leakage
inductor L, is much smaller than that of the magnetizing induc-
tor Ly, so that the secondary side blocking capacitor C}, begins
to charge and the three output filter capacitors Cy,1, Coo, and Cy3
release energy to supply respective LED string. At time f, Sy,
So2, and S,3 are both turned ON under zero voltage condition
and the driver goes into the next mode.
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Fig. 3. Main operating waveforms.

Mode II [t; —t5, Fig. 4(b)]: The switches Sy, So1, So2, and
So3 are all in ON-state. In this mode, irp, iy, and i, keep
increasing linearly with the same slope. In the meantime, Cg,
and Cj, continue to discharge and charge, respectively. At time
15, Sy 1s turned OFF and the driver goes into the next mode.

Mode III [t2 —t3, Fig. 4(c)]: The switches S51, So2, and S,3 are
in ON-state, while the switch Sy, is in OFF-state. At time fo, i1,
begins to decrease linearly and Cq4. begins to charge. However,
irm keeps increasing linearly with the same slope as L, is still
clamped by the voltage nV¢y, in this mode. Although ir,, begins
to decrease quickly, the value of i, is still larger than if,p,.
Hence, Cj, continues to charge, and C,1, Cyo, and C,3 release
energy to supply respective LED string. At time 3, the values
of it and ir,,, are equal and the driver goes into the next mode.

Mode 1V [t3—t,, Fig. 4(d)]: The switches S,1, S,2 are in ON-
state, while the switch S,, and S,3 are in OFF-state. In this mode,
i continues to decrease linearly and Cy. continues to charge.
Besides, i1, keeps increasing linearly with a smaller slope as
L,, is clamped by the voltage n(Vc1,—V,3). But ir, continues
to decrease quickly, so that the value of i1, is smaller than if,, .
Hence, C}, begins to discharge, and C,; and C,, release energy
to supply respective LED string. At time 4, i, decreases to
zero and D, is turned OFF with zero current. At the same time,
the driver goes into the next mode.

Mode V [ty—t5, Fig. 4(e)]: The switches S, and S,o are in
ON-state, while the switch S, and S,3 are still in OFF-state.
As described in mode IV, i;,5 continues to decrease linearly,
and ir,, keeps increasing linearly with the same slope. Besides,
C}, continues to discharge, and C,; and C,9 release energy to
supply respective LED string. At time 5, S,9 is turned OFF and
the driver goes into the next mode.

Mode VI [t5—tg, Fig. 4(f)]: The switch S,; is in ON-state,
while the switches Sy, S,2, and S,3 are in OFE-state. As before,
i,p continues to decrease linearly with the same slope. But ir,,
begins to decrease linearly as L,, is clamped by the voltage
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n(Vey, —Voa—Ve3) in this mode. Besides, C}, continues to dis-
charge and C,; releases energy to supply the first LED string.
At time 75, So1 1s turned OFF and the driver goes into the next
mode.

Mode VII [ts—t7, Fig. 4(g)]: The switches Sy, So1, So2, and
So3 are all in OFF-state. Likewise, i;,g continues to decrease
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linearly with the same slope. However, i1, keeps decreasing
linearly with a larger slope as L,, is clamped by the voltage
n(Veyp —Vo1 — Voo —Vy3) in this mode, and Cj, continues to dis-
charge. At time f7, i;,5 decreases to zero and D, is turned OFF
with zero current. At the same time, the driver goes into the next
mode.
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Fig.5. Independent closed-loop control strategy (ICCS) of the proposed LED
driver with N = 3. (a) Control schematic diagram. (b) Specific control flowchart.

Mode VIII [t; —tg, Fig. 4(h)]: The switches Sy, So1, So2, and
S,3 are all in OFF-state. In this mode, i;,g has decreased to zero
and i, keeps decreasing linearly with the same slope as the
previous mode. At time fg, i, decreases to zero and D1, Dy,
and D, 3 are all turned OFF with zero current. At the same time,
the driver goes into the next mode.

Mode IX [tg—ty, Fig. 4(1)]: The switches Sy, So1, So2, and
S,3 are all in OFF-state. Both i;,g and iy,,, have decreased to zero
in this mode, and C,;, C,2, and C,3 release energy to supply
respective LED string again. At time 9, Sy, is turned ON with
zero current again and the operation returns to Mode I of the
next switching period.

III. INDEPENDENT CLOSED-LOOP CONTROL STRATEGY

The ICCS of the proposed LED driver with N = 3 is illustrated
in Fig. 5. Here, ICCS can be fully implemented in a DSP. Since
AOU;, AOU,, and AOUj3 are series-connected, the input current
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of these three output units, that is the discharge current of the
blocking capacitor Cy,, is equal after the primary switch Sy, is
turned OFF. Intelligibly, the conduction time of D1, Dy, and
D,3 in a switching period can be changed by regulating the
duty cycles of S,1, So2, and S,3, respectively. Therefore, the
three output currents /,;, I,2, and I,3 can be controlled just
by regulating the duty cycles of S,1, So2, and S,3. Thus, it is
necessary to detect the three output currents to form independent
close-loop control and regulate the duty cycles of Sy1, S92, and
So3 automatically. It is remarkable that current can flow through
all output units at the same time, so the TDM control method is
not necessary.

Clearly, as shown in Fig. 5(a), three independent single
closed-loop control circuits (SCC) are always needed to pro-
duce the required drive signals of S,1, So2, and S,3, which are
denoted as SCC-I, SCC-II, and SCC-III, respectively. Note that
the structures of SCC-I and SCC-II are same, but different from
the structure of SCC-III. In addition, the feedback current value
I« in SCC-III denotes the current sampling value corresponding
to the maximum reference value Ircrmax, and then I,y, 1, de-
note the current sampling values corresponding to the other two
reference values I;omia/lrermin- Hence, a reference value com-
parison circuit and a drive signal distribution circuit are also
needed to obtain the maximum reference value /;cfax and fur-
ther allocate the required drive signals to each power switch. For
the conveniences of digital control, all of the above-mentioned
functions can be fully programmed to implement in DSP.

The specific control flowchart of ICCS has been depicted in
Fig. 5(b). For the sake of simplicity in the analysis, all the power
switches Sy, So1, So2, and S,3 are considered to be turned ON
synchronously. In ICCS, the three current reference values I;qf1 ,
Lieto, and I;¢3 are compared to choose the maximum one /;efm ax
first. According to the comparative result, /..y, .5 and the corre-
sponding output current sampling value will be sent into SCC-II1
to produce the minimum drive signal Q,;,,. Similarly, the other
two current reference values lietmia/lrefmin and corresponding
output current sampling values will be sent into SCC-I/SCC-
II to produce the drive signals Qy,iq and Qy,ax. Finally, Oy,
Onid, and Q. Will be allocated to drive the power switches
SwsSo1, 502, and S,3 automatically. For example, supposing that
ILt3 1s the maximum one and three reference values satisfy the
following relationship: Lg3 > Lieto > Ler1 . Therefore, Iieg3 /(Lo
= I,3) will be sent into SCC-III and I .cr2/(loy = Iy2), Lrer1/(o,
= I,1) will be sent into SCC-II, SCC-I, respectively. And then
the three drive signals Qnin = Qo3 = Ows Omia = Qo2, and
Omax = Qo1 Will be employed to drive S, /S,3, So2, So1, r€Spec-
tively. If the maximum current reference value is not /I .¢3, the
specific control process of ICCS is similar to the process above.
Therefore, according to different values of L.qfy, Liero, and Log3,
the duty cycles of three output-switches S,1, Sy2, and S,3 can
be adjusted automatically and always keep unequal. That is to
say, the three output currents can be regulated independently.

IV. PARAMETER DESIGN METHOD

The concretely quantitative design method of circuit param-
eters in the proposed LED driver with N = 3 are elaborated in
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TABLE I
SPECIFICATION REQUIREMENTS OF THE PROPOSED LED DRIVER

Parameter Value
Input voltage range Vin(ms) 198 V-242 V
Total output power P, 120 W
1% output power Py, 40 W
2" output power Py 40 W
3" output power Po3 40 W
1* output current /,; (Red) 500 mA
2™ output current /,, (Green) 700 mA
3" output current oz (Blue) 1000 mA
Switching frequency f; 100 kHz

this section. For more effective research about parameter design
process, some assumptions are made as below:

1) AC input voltage v;, (f) = Vi, sinwt is an ideal sinusoidal
voltage source, where V;,, and w are the amplitude and
angular frequency, respectively.

2) All switches and diodes are regarded as ideal devices.

3) Vie, Vebs Vor, Vo2, and V3 can remain unchanged since
the values of Cy., C},, Co1, Co2, and C,3 are large enough.

4) The value of the magnetizing inductor L,, is much larger
than the leakage inductor L, in the equivalent model of
the isolation transformer.

5) The switching frequency f; is much higher than the line
frequency fi,.

Here, taking I,; =500 mA, I,o =700 mA, and 1,5 = 1000 mA
as an example to discuss the parameter design method. Besides,
the total output power is set at 120 W and the output power of
each AOU is equal to 40 W. The specification requirements of
the proposed LED driver with N = 3 are listed in Table I.

Note that P,y = P,2 = Po3 = 40 W in Table I is just one
of the output power distribution modes when the total output
power is 120 W. For other cases, where the desired values of the
three output currents or the output power distribution modes are
different, the specific analysis processes are all same as above.

A. Design Considerations of Lg

According to [21], a unity power factor can be obtained if the
Buck-Boost PFC unit operates in DCM and the duty ratio of
Sw keeps constant during half line cycle. Thus, it is critical to
choose a reasonable value of Ly to make sure that Buck—Boost
PFC unit can be operated in DCM during the whole variation
range of the input voltage. Further analysis indicates that Buck—
Boost PFC unit always can be operated in DCM as long as it
is operated in DCM when V.. is equal to the peak value of
the minimum input voltage. Hence, the maximum value of Ly
should ensure that Buck—Boost PFC unit at least can operate
in boundary conduction mode (BCM) at the peak point of the
minimum input voltage. The quantitative relationship among
Lz, Vu, Po1, Pyo, and P,3 should be derived first, and then the
maximum value of Ly in BCM can be obtained naturally.

The operating waveform of the inductor current ipp at the
minimum input voltage is depicted in Fig. 6. At the voltage
peak point, it can be seen that the duty ratio d; should satisfy
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Fig. 6.

Operating waveform of i, in BCM.

the following relationship since i1, operates in BCM.
di + dll =1 (D

where d; is the duty ratio of the switch Sy, .
Moreover, the inductor voltage should meet the volt-second
balance principle in an entire switching period T, that is

‘/;udl - V;icd/] =0. (2)
Based on (1) and (2), the duty ratio d; in BCM can be deduced
as
Vie
dy = ———. 3
! Vm + V;lc ( )

Suppose that the efficiency of the proposed LED driver is
100%, namely, the input power is equal to the total output power,
hence

1
Pol + P02 + P03 = -Pin = ivm-[inm (4)

where [y, is the amplitude of the input current i), .
As derived in [21], L, can be expressed as

Vi di T
2L

Iinm - (5)

According to (4) and (5), the expression of Ly in BCM can
be derived as

VadiT,

Ly = .

4(P01 +P02 +P03)

Since d; is the duty ratio of S,, in BCM, the obtained value
of Ly according to (6) is the critical value Ly pcar), which is
also the maximum value of Lg. It can be inferred that d; will
decrease along with the increasing of the input voltage amplitude
Vi once the value of Ly has been determined. The duty ratio
d; reaches its maximum value d;,,,x when the input voltage is
equal to its minimum value. Therefore, to calculate the critical
inductance L o), it is necessary to determine the maximum
duty ratio dq,ax in advance.

According to (6), it is believed that the duty ratio d; will de-
crease along with the decreasing of the total output power during
the dimming process. Here, the dimming process is referred to
the average value of each output current can be regulated below
the corresponding maximum value. In other words, the inductor
Ly should always operate in DCM during the dimming process.
Hence, the value of Ly is designed in the condition of the total
output power is maximum, which can ensure the designed value
of Ly still be valid and effective within the dimming process.

(6)
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Fig. 7. Operating waveforms of ir,;,, and ige. in BCM.

B. Design Considerations of L, and n

As described in Part II, the three diodes Dy, Dyo, and D3
all can be turned OFF with zero current when the magnetizing
inductor current ir,,,, is also designed to operate in DCM, so that
it can reduce reverse recovery losses and improve conversion
efficiency. Similar to the design considerations of Lg, if the
magnetizing inductor L, can operate in BCM when the duty
ratio d; is equal to its maximum value dj .y, Ly, will always
operate in DCM along with the increasing of the input voltage.
Similarly, note that the magnetizing inductor L,,, will also always
operate in DCM during the dimming process as long as L, can
operate in DCM when P,; = P, = P,3 = 40 W. Therefore, the
value of L,, is also designed in the condition of the three output
powers Py, Py2, and P,3 are maximum, respectively.

Similarly, the quantitative relationship among Ly, Vi, Po1,
P,o, and P,3 in BCM should be derived primarily. Then, it can
further calculate the main parameters (that is, L, and n) of the
isolation transformer in BCM. The operating waveforms of ir,,
and i in an entire switching period 7 are sketched in Fig. 7 for
the BCM, where ig.. is the secondary side current of the trans-
former. Obviously, there are two current ramp-up subintervals
and two current ramp-down subintervals in a switching period
T, about the waveform of iy, ,,, . The turn-OFF moments of Sy, /S,3
correspond to the first slope turning point in the waveform of
irm- Additionally, the turn-OFF moments of S, and S,; corre-
spond to the other two slope turning points. Hence, an entire
switching period T; can be divided into four subintervals that
are 1Ty, do Ty, d3T,, and d, T.

As shown in Fig. 7, the conduction time of the diode D,3 in
AOUs is (dy + ds + dy)T;, and the average current flows through
D,3 is equal to the average output current /,3 since the average
current of C,3 is equal to zero. In addition, the conduction time
of the diodes D2, D1 are (ds + dy)Ty, dy Ty, respectively. The
average currents of D,» and D, are equal to the average output
currents 1,9 and /,;. Hence, the following three equations can
be established.

1

inkii cdy = I (N
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1
§(ka2 + Is) - ds = Ioo — I (8)
1
i(kal + ka?) ~dy = 03 — 1o 9)

where k1, Ipx2, and I3 are the inflectional values of the
secondary side current ig.. at the turn-OFF moments of Sy /S,3,
So2, and S,1, respectively.

Since the value of inductance L, is much smaller than L,,,
the decreasing time of the leakage inductor current i, can be
neglected. It can be believed that iy, decreases to zero immedi-
ately after Sy, is turned OFF. Therefore, I,x1, Iko, and I3 can
be expressed as

kal = nImekl = n%les

m
n(Ven — Vo3)
Lm

(10)

ka? = nImekQ =n |: do T + Imek1:| (1D

or

Voo + Vo3 — Vi)
Lnl

d311; + ILrnpk3:|
(12)

n(
ka? = nImekQZn |:

n? (Vo1 + Vs + Vo3 — Vo)
Lln

where I1,mpk1, [Lmpk2, and Ipmpi3 are the inflectional values of
the magnetizing inductor current it,, at the turn-OFF moments
of S /So3, So2, and S,1, respectively.

The primary side voltage and the secondary side voltage of
the transformer are equal to the voltages across Cyq. and G,
when Sy, is turned ON, respectively. Hence, V4. and V¢, should
meet the following relationship in this interval.

ka?) = nImek3 = d4T; (13)

Vae = nVey. (14)
Solving (7), (13), and (14) yields
2LmIol

dy = 15

' \/[nz(vowv;ﬁvog)—nmn (1

2[0 TS 2 ‘/0 V:) V:) - Vc

ka3:\/ 11 [ 1+L2+ 3) nd]. (16)
Solving (8), (12), and (14) yields

d \/kaSQ + 2A(I()2 - Io ) - ka3 17

3 = 1 (I7)
2A(1,0 — 1,

I (Io2 1) ~ Ly (18)

k2 =
VIoks® +24(02 — In1) — Ty

_ [n? (Vo +Vo3)—nVac Ty

where A 7 .
According to (9) and (10), the duty ratio d> can be expressed
as

2(-[03 - -[02)

= (19)
Ve d T+ Lo
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TABLE II
VOLTAGE STRESSES OF MAIN SWITCHING DEVICES

Switching device Voltage stress

Sw/Dac VinmaxtVae
D: Vinmaxy (Ve Vo3)
So1/Doi Vo
Se2/Daa 5
Se3/Dos Vos

Similarly, the magnetizing inductor voltage should also meet
the volt-second balance principle in an entire switching period
Ts, that is

Vaedi +n (Vor, — Voz) do = n(Voa + Vog — Ve )ds
+n(Vor + Voo + Voz — Ve )da. (20)

Besides, the duty ratios d;, ds2, d3, and dy in BCM should
satisfy the following equation.

dy +dy +d3 +dy = 1. (2D

Substituting (14)—(19) into (20) yields
fi(Ly,,n) =0. (22)

Substituting (14)—(19) into (21) yields
fo(Ly,n) = 0. (23)

Obviously, (22) and (23) are both binary non-linear equations
related to L, and n, where d; is equal to its maximum value
dimax- Therefore, the critical magnetizing inductance Ly, (o)
and turns ratio nizcy) in BCM can also be obtained finally
by solving (22) and (23) simultaneously. Certainly, d;,.x also
need to be determined beforehand.

C. Quantitative Determination of diax

According to the operating mode analysis above, the voltage
stresses of main switching devices can be listed in Table II,
where V,1, V2, and V,3 are the average values of three-channel
output voltages, respectively. It can be observed that the max-
imum voltage stress on Sy, is equal t0 Vi, (1ax) +Vae, which is
the maximum one compared with the voltage stresses on the
other switching devices. Here, V,,(imayx) is the amplitude of the
maximum input voltage.

Taking the withstand voltage of silicon MOSFET into consid-
eration, the maximum voltage stress on S, is expected to be
less than 500 V within the whole variation ranges of the input
voltage. That is, the average energy-stored capacitor voltage V.
should be limited to less than 158 V. The duty ratio of S, that
satisfies this limited condition is the reasonable maximum duty
ratio dqyax-

The flowchart for determining the maximum duty ratio d,.x
is illustrated in Fig. 8. According to the preset parameters as
listed in Table I, the concrete quantitative determination process
of dimax 1s presented in detail as follows.

First, the variation range of d; is preset to 0.3—0.4 with taking
0.01 as the step-length in this range. According to (6), 11 critical
values of inductance Lg, that is Ly(pcm), can be calculated out
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Fig. 8. Flowchart for determining dym ax -
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Fig. 9. Eleven relation curves among Vg and Vy,, with Vy,, = 280-342 V.

with V,, = 280 V and P,; = P,» = P,3 = 40 W. Besides,
11 groups of Ly, (3cm) and npcr) can be calculated out with
the same conditions by (22) and (23). And then the 11 groups
of Lgconm)> Lo, and nizcary above can be, respectively,
taken into (20) to calculate out the corresponding values of V.
when V,,, varies from 280 to 342 V. Finally, 11 relation curves
among Vy. and Vy,, that is, Vg, = f,(Vin), where x = 1, 2,
..., 11, can be drawn in Fig. 9 simultaneously.

As shown in Fig. 9, the energy-stored capacitor voltage V.
will be less than 158 V when V), varies from 280 to 342 V
as long as the duty ratio d; < 0.34. To avoid the problem that
the smaller duty ratio will cause excessive current stresses of
the switching devices, dj,.x = 0.33 is a proper choice for the
maximum duty ratio.
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Fig. 10.  Two relation curves among V. and V;, in BCM and DCM.

D. Quantitative Calculation of Ly, Ly, n, and Verification

As previously mentioned, the values of L, Ly, , and nin BCM
can be quantitatively calculated out as long as the maximum duty
ratio dq,, .« has been determined at first.

Substituting d;,,,x = 0.33 and V,,, =280 V into (6), (22), and
(23), the critical values of Ly, L,,, and n can be calculated out,
that iS, LB(BCM) =178 /,LH, Lm(BCM) = 369 /,LH, and n(BCM)
= 1.50. To ensure the inductor Ly and the magnetizing inductor
L,, both operate in DCM with enough allowance, Ly = 130 pH,
L, =280 uH, and n = 1.50 are eventually chosen.

The following is to verify whether or not V. will be less than
158 V within the whole variation ranges of the input voltage
after determining the values of Ly, L,,, and n. The two relation
curves among V4. and Vy,, in BCM and DCM are both drawn
in Fig. 10, where V},, varies from 280 to 342 V. Obviously, the
value of V. in DCM has increased compared with the value in
BCM. However, the increase amount is relatively slight that still
can ensure Vg, < 158 V when V,, varies from 280 to 342 V.
Hence, the parameters Ly = 130 pH, L, = 280 pH, and n =
1.50 are reasonable for the proposed LED driver with N = 3.

E. Design Considerations of Cq.

The twice line frequency ripple voltage Avg. () on the energy-
stored capacitor Cq. is needed to be derived out according to
the current flows through Cjy, at first. Then, the ripple voltage
peak-to-peak value AV, can be obtained naturally. According
to the design objective of AVy,, the quantitative value of Cy.
can be calculated out finally.

As illustrated in Fig. 2, the average value of ic¢q. is equal to
the difference between the average values of i;,p and iy in a
switching period, that is

ic,. (t) = iL(t) —is, ().

In (24), the average current i, (¢) in a switching period can
be expressed as

(24)

- Vin 3T,
iwn(t) = 2LlB

[sinwt| [ 1+ Vi
v

dac

|sin wt> . (25)
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Fig. 11.  Waveforms of the input voltage v;,, (f) and ripple voltage Avq. (7).

Based on the ampere-second balance principle, the average
current through the output-switch S,3 in AOUj is equal to the
average output current I,3. Consequently, the peak value of
the switch current ig,3 at the turn-OFF moment of S, can be
expressed as

21,
ISo?)pk = TO?)
1

(26)
Furthermore, the peak value of is,, at the turn-OFF moment
of S, can be derived as

. Vndi 15 | .
igwpk () = L; |sin

‘/((‘d E 2Io
1lc 1 + 3

t .
wi| + L. nd,

27
Accordingly, the average value of igy, in a switching period
can be deduced, that is

- _ V;n d% TS

Vaed?T, I,
is. (t) _ 2LB letyds 03

oL, | n-

|sinwt| + (28)

Substituting (25) and (28) into (24) can obtain the expression
of ic,, (t) in a switching period, that is

. V22T, |, Vaed2Ty Loy
ic,, (t) = 2—1Zsin‘wt — [ ——— + =2 ). 29
104 (t) WpVee 0¥ ( oL, T n> (29)

According to (29), the twice line frequency ripple voltage on
V4. in half line cycle can be calculated as

Bunelt) = g [ feactolar

(30)

where 0 < ¢ < T1,/2 and Ty, is the line cycle, that is 71, = 1/fy..

The waveforms of the input voltage v;, () and ripple voltage
Avg.(7) in a line cycle are depicted in Fig. 11. It can be seen
that the ripple voltage peak-to-peak value AVy. is equal to the
difference between the maximum value and minimum value of
Avg. (D).

As shown in Fig. 11, the differential of Avy.(f) should be
equal to zero at the moment #,o when Avg.(¢) reaches its maxi-
mum value. Hence, the value of 7.5 can be derived as

™ 1 V2 LB
txo = — — — arcsin de +
2T0 e \/V2 L

m

2-[03 Vvdc LB
nV2d3T, -

m

€1V
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Fig. 12. Relation curve among Cq. and Vy,, with V;;, = 280-342 V.

According to (29), (30), and (31), the ripple voltage peak-to-
peak value AVy, can be calculated as follows:

2 tka
AV, — / fioae(t)] dt
de Jo

2Avqc(te2) =

_(_VRRT. ValT 2L,
B 2LpCycVae L, Cyc nCac 2
V2d3T,
— mi $in(2wtys ). 32
4wLB CdCVdC bln( n kQ) ( )

Here, the value of Cg4. should ensure that the ratio between
AVjy. and the average energy-stored capacitor voltage Vg, will
be less than 5% when V), varies from 280 to 342 V. According
to (32), taking AVy4./Vq. = 5%, the relation curve among Cy.
and V},, can be drawn in Fig. 12 after the values of Lg, L,,, and
n all have been determined. Apparently, the value of Cg. will
decrease gradually along with the increasing of V. To ensure
the ratio AVy./Vq4. can always be less than 5% within the whole
variation ranges of V,,, the value of Cy. should equal to its
maximum value. As shown in Fig. 12, the maximum value of
Cqc 1s 396 uF when V,, = 280 V. Taking the nominal value
of electrolytic capacitor into consideration, Cq. = 470 uF is
eventually chosen.

V. EXPERIMENTAL RESULTS

A 120 W digital-controlled experimental prototype with
three-channel outputs has been built and tested to verify the
effectiveness of the proposed LED driver with ICCS control
method, as well as the correctness of parameter design method.
The final designed parameters and selected components of the
implemented prototype are summarized in Table I1I. Besides, the
photograph of the experimental prototype is shown in Fig. 13,
where the LEDs with R, G, and B color are used for three LED
channels in the experimental prototype, respectively.

The steady-state experimental waveforms when viy(rmg) =
220 V are illustrated in Fig. 14. Here, three current reference
values are set as follows: I,.;; = 500 mA, L2 = 700 mA,
and l;er3 = 1000 mA. The experimental waveforms of v;y,, iy,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

TABLE III
DESIGNED PARAMETERS AND SELECTED COMPONENTS OF THE PROTOTYPE

Symbol Definition Value or Description
Ly Input filter inductor 600 uH
Cy Input filter capacitor 0.1 pF/630 V
Crec Snubber capacitor 22 nF/400 V
Ly Inductor 130 uH
Cyc Energy-stored capacitor 470 puF/250 V
L Magnetizing inductor 280 uH
L, Leakage inductor SuH
n Turns ratio 1.5 (15:10)
Cy Blocking capacitor 10 uF/250 V
Co1-Co3 Output filter capacitors (10 pF*2=20 pF)/100 V
Sw Primary switch IPP8OR280P7 800 V/17 A
So1-So Output-switches IPP530N15N3G 150 V/21 A
Dp1-Diy Rectifier diodes STTH5R06 600 V/5 A
Dye Free-wheeling diode STTHI15L06 600 V/15 A
D, Blocking diode STTHI5L06 600 V/15 A
Dy1-Do3 Output-diodes SS515 150 V/5 A
Cree® XLamp® XP-E LEDs
Red: 500 mA/2.10V  1.05W
LED Output Loads

Green: 700 mA/3.34V 2.34 W
Blue: 1000 mA/3.10V 3.10 W

. AC Input

LT R i 1l

9 10 1 1278

REBUEST %)l!.;
" g‘ % napxxamaanon & 010005

Fig. 13. Photograph of the experimental prototype.
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Steady-state experimental waveforms when vi, ;) = 220 V.

(@) Vin, fin, and Vye. (b) vin, lo1, lo2, and Iy3. (€) Vs, iSw, iDdc» and i B

(d) Vsec> is(‘,(‘, .
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Fig. 15. Steady-state and dynamic experimental waveforms of 7,1, I,2, and
1,5 with different current reference values. (a) o1 = 1000 mA, lo0 =
700 mA, I3 = 500 mA. (b) I cf1 : 500 mA—1000 mA, oo = 700 mA, Lof3:
1000 mA—500 mA. (c) Lior1 = 1000 mA, Iiero = 500 mA, I.or3 = 700 mA.
(d) Lesp = 1000 mA, Lepo: 700 mA— 500 mA, p3: 500 mA—700 mA.
(@) Lert = 700 mA, Lerp = 1000 mA, Lz = 500 mA. () Lefr:
1000 mA—700 mA, I,f2: 700 mA—1000 mA, I;c¢3: 500 mA.

and V. are all shown in Fig. 14(a). It indicates that v;,, and i,
are almost in phase to obtain high power factor, and measured
power factor is equal to 0.998 in this case. Meanwhile, the
average value of V. is equal to 146 V which is not more than
158 V. Fig. 14(b) shows the experimental waveforms of vy, 1,1,
1,9, and 1,3, where the average values of three output currents
are equal to 499, 701, 1002 mA, respectively. That is to say, 1,1,
1,9, and I,3 can keep constant and unequal as I,cf1, Lref2, and Iiers
are different from each other. Fig. 14(c) shows the experimental
waveforms of vsy, isw, iDdc, and i, where vg, is the voltage
across the switch Sy, and igy, ipq. are the currents flow through
Sw and Dy, respectively. It can be seen that the maximum
voltage stress of Sy, is not larger than 500 V as expected. Besides,
the inductor current it operates in DCM and the diode Dy, is
turned OFF with zero current. Fig. 14(d) shows the experimental
waveforms of vge. and ise., where the secondary side current
isec Operates in DCM as expected. During the subinterval when
Sy 1s turned OFF, the three inflection points correspond to the
turn-OFF moments of S,3, S92, and S,; respectively, which is
consistent with the theoretical analysis processes.

The steady-state and corresponding dynamic experimental
waveforms of I,1, I,o, and I,3 with different current refer-
ence values are tested and presented in Fig. 15. According to

Nve [250V/div] I‘ A

I 1

2.08us
1 1

(a) (b)

72 ps/di&]‘

N [250Vidiv] }9 pE
| |

[ |
1.38)is
[2ps/div]|

Fig. 16. Experimental waveforms of vgy, i,p, and ige. with different
Vin(rms) - (a) Vin(rms) = 198 V. (b) Vin(rms) = 220 V. (c) Vin(rms) = 242 V.

Fig. 15(a), (c), and (e), it is observed that each output current
can be automatically regulated to follow the corresponding cur-
rent reference value after /;¢f1, Iier2, and 1o changed. That is,
fully independent control of /1, I,2, and 1,3 can be achieved
according to different current reference values, which are in
agreement with the analysis. In addition, the dynamic experi-
mental waveforms of 1,1, 1,2, and I,3 in Fig. 15(b), (d), and (f)
shows that the average value of the remaining output current will
not change after the step exchange of other two output currents.
Therefore, zero cross-regulation can be achieved in the proposed
series-type LED driver, and the independent closed-loop control
system can remain stable.

The experimental waveforms of vy, irp, and is.. When
Vin(rms) = 198, 220, and 242 V are illustrated in Fig. 16(a)—(c),
respectively. It can be seen that the voltage stress of Sy, changes
from 418 t0 496 V when vy, (1) varies from 198 to 242V, which
is always not more than 500 V. Another point worth noting is
that i3 and ige. (that is, iy, ) both operate in DCM during the
whole variation ranges of vj;, ;) as expected. The length of the
intervals when ir,p and ig.. are equal to zero will increase along
with the increasing of viy (1), While the length of the interval
d, T, will decrease as described in theory. Due to the increase
amount of the input voltage amplitude V), is more dramatically
than the average value of V., the length of the zero-value inter-
val in it,g waveform increases from 1.58 to 2.62 us, while the
length of this interval in iy, waveform increases from 1.04 to
1.38 ps. All of these can verify the correctness of the theoretical
analysis and the reasonability of parameter design results about
Lg, L, , and n.

The experimental waveforms of vi, and Vq. when v, (ys) =
198,220, and 242V are illustrated in Fig. 17(a)—(c), respectively.
Obviously, the average value of Vg, is always not more than
158 V that can satisfy the limitation above. Meanwhile, the
ratio between the ripple voltage peak-to-peak value AVy. and
the average value of Vg, (that is, AVy./Vy.) decreases from
4.71% to 3.57% when vy, (1) varies from 198 to 242 V, which
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Fig. 18. Measured efficiency curves and PF curves with vi, (1) =

198-242 V. (a) Efficiency curves at P, = 120, 90, and 60 W. (b) PF curves
at P, = 120, 90, and 60 W.

is always less than 5%. Hence, the design value of the energy-
stored capacitor Cq. is also reasonable and effective.

The measured efficiency curves and PF curves at P, = 120,
90, and 60 W when vy, (;;,s) varies from 198 to 242 V are
sketched in Fig. 18(a) and (b), respectively. It can be seen from
Fig. 18(a) that the efficiency of the proposed LED driver will
increase along with the growth of input voltage or output power.
The maximum efficiency can reach at around 88.7%. According
to Fig. 18(b), the power factor will also increase along with the
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TABLE IV
COMPARATIVE ANALYSIS RESULTS BETWEEN THE LED DRIVERS IN THIS PAPER AND IN [18]

Items

The LED driver in this paper

The LED driver presented in [18]

Prow=120 W Pio=120 W
Input and output conditions 220 V,0.5A/0.7 A/1.0 A 220V, 0.5A/0.7 A/1.0 A
Output structure Series-type Parallel-type
AOUs can be driven concurrently Yes No
Isolation Yes No
PFC Buck-Boost, DCM Buck, DCM
Current sampling Isolated current sensor Sampling resistor
MOSFET gate drivers Transformer-isolated gate driver / 4 ngh_s} de gate dqver/ !
Low-side gate driver /3
Number of switches 4 4
Number of diodes 5 4
Electrolytic capacitor 1 (Cyq) 3 (Cor, Coa, Co3)
The value of inductor Ly 130 pH 15 uH
The value of output filter capacitor 10 pF*2=20 uF 1000 pF
Sw/Dae Vit Ve 454V Sw/Dye Vin 311V
D Vatn(VeyVoz) 394V So1/Dot 0/(Vo1-Ve3) 0/40 V
Voltage stress of switching devices So1/Doi Vot 80V Sz (Vor-Ve2) 23V
S¢2/De> Ve 57V Do (Vor-Ve3) 17V
So3/Do3 Vs 40V So3/Dos (Vor-Ve3)/0 40 V/0
VAT, VedT. 2, Vo~V
! nils | Yadils | 2o m Vo3 g p
Sw L, L, ud 12.63 A Suw/Dye L, o 16.93 A
Vudil,
Dy ; 6.08 A
Ly Vo =Var
Sot/Dot 4T 15.46 A
VdcleL 21 o3 LB
o . D -t 6.55 A
Current stress of switching devices L, nd,
21,
. o Vo —Veo
Sot/Se/Se3 4 78T A Se/De T, 1623 A
D1 I 255A i
Do I 262 A V.~V
n Vs yr
Ds o 262 A So3/Dos L b 16.93 A
1. Electrical isolation can ensure safety 1. Non-isolation structure is relatively simple and
modular

Advantage small

relatively small

2. The current stresses of output-diodes are relatively
3. The capacitances of output filter capacitors are

4. Fully independent control with zero cross-regulation

2. The voltage stresses of all switching devices are
relatively small

3. The way of current sampling is simple which can
reduce cost

4. Fully independent control with zero cross-regulation

2. One more diode is used
3. Including electrolytic capacitor

Disadvantage

1. The different AOU has different reference grounds

1. The effective operating frequency of each LED
channel is reduced

2. The current stresses of switches and diodes are
relatively high

3. The capacitances of output filter capacitors are very
large, so that electrolytic capacitors are also used

growth of output power. The maximum power factor can reach
0.999.

In order to see the input current harmonics performance of
the proposed series-type LED driver, the THD testing results of
the input current with vy, (;;ms) = 220 V are shown in Fig. 19.
The comparison results between the measured input current
harmonics percentages and the IEC 61000-3-2 Class C standard
at 120 W, 12 W are illustrated in Fig. 19(a) and (b), respec-
tively. Clearly, the proposed series-type LED driver has lower
input current harmonics contents and always can meet the cor-
responding maximum permissible harmonic current limits as
defined by the IEC 61000-3-2 Class C standard. In addition, the
measured THD with changing output power is also illustrated
in Fig. 19(c). It can be seen that THD of the input current will
be reduced remarkably along with the increasing of the output
power and keeps lower than 15%.

VI. COMPARATIVE ANALYSIS

In this section, a detailed and fair comparative analysis
has been made for the sake of further analyzing the different
characteristics between the series-type LED driver proposed
in this paper and the parallel-type one in [18]. For a clearer

comparison, the topologies of the series-type and parallel-type
LED drivers both have been depicted in Fig. 20(a) and (b) again
as follows. Besides, all comparative results have been tabulated
as shown in Table IV. Note that the ac input voltage, the total
output power and three output currents of these two kinds of
LED drivers above are all same here.

Compared with the topology structure of the parallel-type
LED driver in [18], the most obvious difference of the proposed
LED driver in this paper is the series-connected structure of
all AOUs, which can ensure that all AOUs can be driven con-
currently in a switching period. Naturally, the isolated current
sensors and the isolated MOSFET gate drivers should be adopted
due to the different reference grounds in the series-type output
structure, to some extent, which will certainly increase some
cost compared with the resistor sampling manner and low-side
gate drivers in the parallel-type output structure. However, elec-
trical isolation can be achieved in the proposed series-type LED
driver for better security in some special occasions or high-
power applications.

In another aspect, the proposed series-type LED driver has
higher voltage stresses and lower current stresses of the switch-
ing devices, as shown in Table IV. By contrast, although the
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voltage stresses of the switching devices in the parallel-type
LED driver in [18] are relatively low, the current stresses of the
switches and diodes are become higher since the inductance of
Ly is relatively small, which seems to be more evident espe-
cially in the current stresses of Dy 1, D2, and D, 3. Thus, the low
voltage and high current diode must be used, which will bring
extra cost compared with the small-sized patch Schottky diodes
used in the counterpart of the series-type LED driver in this pa-
per. From this point of view, the parallel-type scheme presented
in [18] is more suitable to be applied in low-power applications,
while the series-type scheme in this paper will have more ben-
efits along with the increasing of output power. Furthermore,
the capacitances of three output filter capacitors in the parallel-
type LED driver are very large since these three output filter
capacitors have to perform the functions of energy storage and
switching frequency filtering. Hence, these three output filter
capacitors can only employ the electrolytic capacitors.

In conclusion, both the series-type output structure in this
paper and the parallel-type output structure in [18] have their
own different features, which are the two possible solutions to
achieve fully independent control of N output currents without
zero cross-regulation.

VII. CONCLUSION

This paper proposed a single-stage series-type LED driver
with independent control of N-channel output currents accord-
ing to the duality principle, which is another possible solu-
tion to achieve fully independent control of each output current
compared with the parallel-type scheme. N AOUs are series-
connected to form the series-type N-channel outputs structure,
which makes it easier to regulate each output current inde-
pendently by proposed ICCS. The experimental results indi-
cate that fully independent control and zero cross-regulation of
three output currents can be achieved as required, which have
also demonstrated the effectiveness of the proposed series-type
scheme and the correctness of parameter design method.
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