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Investigation Into the Use of Single Inductor for
Driving Multiple Series-Connected LED Channels
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Abstract—An investigation into the use of single inductor for
driving N series-connected LED channels is presented. Each chan-
nel has a parallel-connected switch for controlling the LED channel
current, as well as charging the inductor. Compared with the con-
ventional structure having all LED channels connected in parallel
and (N + 1) switches, the proposed structure has the merits of
1) requiring N switches, 2) allowing all channels to be driven con-
currently in every switching cycle, and 3) being insensitive to the
duration of the transition switching from one channel to another.
Detailed mathematical analysis on the topological operations will
be discussed. The proposed concept will be demonstrated on a
two-channel structure. A prototype with two 7 W LED modules
has been built and evaluated. A control mechanism that can reg-
ulate the output luminous flux and correlated color temperature
without sensing the inductor current and channel currents will
be discussed. Experimental results are favorably compared with
theoretical predictions.

Index Terms—DC-DC power conversion, lighting, lighting con-
trol, single-inductor-multiple-output (SIMO) power conversion.

NOMENCLATURE
Q@ Transformation variable from the electrical analysis
to optical analysis.
ni Luminous efficacy of the LED Channel i.
Gs.i Luminous flux emitted by the LED Channel i.
D, Output luminous flux of the LED lamp.
Dor Luminous flux reference.
CCT Correlated color temperature.
CCT,  CCT of the output of the LED lamp.
CCT,et: CCT reference.
€1 Error between ®,..¢ and &,,.
€9 Error between CCT,¢ and CCT,,.
Dyarm  Diode in series with the warm LED channel.
Deool Diode in series with the cool LED channel.
dy, Duty cycle of mode k.
Dy ; Diode in series with LED channel i.
E Total energy consumed by all LED channels during

one switching cycle.
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Eyarm Energy consumed by the warm LED channel during
one switching cycle.

FEeool Energy consumed by the cool LED channel during
one switching cycle.

E,; Energy consumed by LED channel i during one
switching cycle.

1 Average input current.

Teool Current of cool LED channel.

ir Current of the inductor.

Twarm Current of warm LED channel.

I, 1 Initial current of the inductor in mode k.

I Lk Average current of the inductor in mode k.
K Integral gain of the flux control loop.

Ko Integral gain of the CCT control loop.
Ky Proportional gain of the flux control loop.
K, Proportional gain of the CCT control loop.
L Inductor.

m Ratio of duty cycle.

m; Initial value of m.

Qi MOSFET paralleled with LED channel i.
Qcool MOSFET paralleled with the cool LED channel.

Qwarm MOSFET paralleled with the warm LED channel.

t Start time of mode k.

(7 End time of mode k.

Aty Duration of mode k.

Aty ; Initial estimation of At;, in the controller.

fs Switching frequency.

T Switching period (= 1/ f5).

Tsam Sampling period.

Via Input voltage.

Vi Forward voltage of LED channel i.

Viarm Forward voltage of the warm LED channel.

Veool Forward voltage of the cool LED channel.

Ug,Qc Gate signal for the MOSFET connected in parallel
with the cool LED channel.

Vg,Quw Gate signal for the MOSFET connected in parallel

with the warm LED channel.
vr, Inductor voltage.
Vi ok Voltage of the inductor in mode .
Vook Output voltage in mode k.

I. INTRODUCTION

IGH-POWER LED lamps contain numerous LEDs or
LED modules configured in the form of strings. Each
string has several series-connected LEDs or LED modules.
Each LED channel comprises several strings [1]. The number of
strings and values of the string voltage and string current have
to match with the output specifications of the LED driver [2].
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The string current control network consists of active devices for
regulating the string current [3]-[9]. The active device can be
operated in linear or switching mode. In linear mode, the active
device is connected in series with the string and is operated in
the linear region. By controlling the bias condition of the active
device, the string current is regulated by using a current mirror
or an individual current sensing [3]-[6]. This method is gener-
ally called amplitude modulation dimming. In switching mode,
the active device is operated as a switch and is connected either
in series or in parallel with the string [7]-[9]. The duty time of
the string is controlled by a feedback mechanism through sens-
ing the string current and generating appropriate gate signal to
the active device. This method is generally called pulse width
modulation (PWM) dimming. The two dimming methods each
have their own merits and limitations. In terms of color tempera-
ture control, PWM dimming has the advantages of reducing the
color change associated with the variation in the LED current.

Various techniques utilizing different kinds of sensors, in-
cluding current sensors [10]-[14], thermal sensors [15]-[16],
and optical sensors [17]-[20], have been proposed to regulate
the light output. Wang et al. [21] uses both thermal and optical
sensors. The key challenge of using current and temperature
feedback is to deal with the drift of the optical characteristics
of the LEDs, including luminous flux and wavelength, with
the measured current and temperature. Furthermore, the tem-
perature dependence of the luminous flux and wavelength are
sometimes not known a priori. Optical feedback, which di-
rectly measures and controls the optical parameters of the light,
including luminous flux (®) and CCT for bicolor lamps, lumi-
nous flux and color coordinates for tricolor or tetracolor lamps,
can overcome the above-mentioned issues.

To reduce the form factor of the driver, some techniques uti-
lize single inductor to manage currents of N parallel-connected
LED channels [10]-[14]. They are typically extended from the
concept of single-inductor-multiple-output (SIMO) power con-
version methods [22]-[25], which are usually used to deliver
multiple output voltages. As LEDs are current-driven devices,
the SIMO structures are modified to produce regulated currents
to the LED channels. The structures typically consist of (N + 1)
switches with one of them regulating the inductor current and N
of them for the N channels, respectively. The channels are driven
by the inductor in two possible time-division multiplexing
strategies. The first one has all LED channels activated sequen-
tially in every switching cycle [10]. The second one has only one
LED channel activated in each switching cycle [11]-[14]. The
channels are activated sequentially over the switching cycles.
Since the inductor current cannot be changed instantly and the
instantaneous LED current has to be limited to its rated value
[26], prior-arts would face the following operational challenges.

1) As the channels are activated in a time-multiplexed man-
ner, the maximum achievable average channel current
decreases as the number of channels increases. Thus,
utilization of the LED channels is confined.

2) In [10], due to the output capacitor, the output voltage is
momentarily constant during the transition switching from
one channel to another. As different LEDs have different
forward voltages, current spikes through the channels of
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low forward voltage will occur, giving rise to EMC and
reliability concerns.

3) In [11]-[14], the effective operating frequency of each
LED channels is reduced.

4) Multiple current sensors [11], [14], one for each LED
channel, are required to regulate the average channel
current. In [10], [12]-[13], only one sensing resistor is
needed. But sophisticated controller for synchronizing the
current sensing and regulation is required.

Recently, a structure with series-connected LED channels
with a front-stage buck converter has been proposed in [27].
However, it requires (N + 2) switches, two for regulating the
inductor current and N for the N LED channels. This paper gives
another perspective of using single inductor to drive N series-
connected LED channels. The structure is derived from a boost
converter. It has the merits of 1) requiring N switches, 2) allow-
ing concurrent driving of all LED channels in every switching
cycle, and 3) being insensitive to the transition switching from
one channel to another. The concept is demonstrated on a two-
channel prototype with optical feedback for regulating luminous
flux and CCT. Experimental results are favorably compared with
theoretical predictions.

II. PRINCIPLE OF OPERATIONS

Fig. 1 shows the generalized structure using single induc-
tor to manage the brightness of N LED channels. Each channel
consists of multiple parallel-connected LED strings. Each string
consists of a series of LEDs. The string currents in each channel
are balanced by current balancing techniques [1]. Each channel
has a parallel-connected MOSFET. They are @1, ..., Qx. The
series diodes Dy 1,..., Ds n are used to limit the channel re-
verse currents upon turning on the parallel switches. A compar-
ison of the channel currents with and without the series diodes
connected will be studied experimentally in Section IV. As the
voltage drop of the series diodes is relatively small, as compared
to the forward voltage of the LED channels, it is neglected in
the following analysis. For the sake of simplicity in the analysis,
each LED is assumed to have a constant forward voltage. Let V ;
be the voltage across Channel i when the associated MOSFET
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Fig. 2. Waveform of the inductor current in one switching cycle.

is OFF. As shown in Fig. 2, a switching cycle is divided into
N + 1 operating modes. In Mode 0, all MOSFETs are turned
ON at £y and turned OFF at ¢;. Starting from Mode 1, the MOS-
FETs are switched ON sequentially. All LED channels may have
different conduction times. However, considering that the LED
channels are connected in series, the channels can be rearranged
in the way that Channel 1 has the longest conduction time and
Channel N has the shortest conduction time. In any case, the
LED channel with the longest conduction time in the actual
circuit becomes Channel 1 in the analysis. Similarly, the LED
channel with the shortest conduction time becomes Channel N.

MOSFET Q@ is turned ON at 5, while MOSFET (), is turned
ON at ty 1, end of the switching cycle. Thus, the voltage across
the series-connected LED channels in Mode &,V ;, can be
expressed as

0, k=0

N—k+1 , (1)

Vor =
’ Z ‘/s,% k:1,2,...,N
1=1

The operations of the circuit are described as follows.
Mode 0,¢ € [tg, t1]: AIlMOSFETs are turned ON at t. The
inductor L is being charged by the input voltage V;,,. Thus, the
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Mode k,t € [ty, ti+1], for 2 < k < N: The MOSFET as-
sociated with Channel N-k + 2 is turned ON at ¢;.. All LED
strings from Channels 1 to N—k + 1 are activated. Then

vp(t) = Vin — Vo

N—k+1

> Ve )
i=1

This mode ends when the MOSFET associated with Channel
N-k + 1 is turned ON at t;, 1. In Mode N, ) is turned ON at
tn+1, when the next switching cycle starts.

Based on (1)—(4), the inductor current 7;, in Mode k can be
expressed as

:‘/in_

Ve

L
‘/in - ‘/U,]C
L

where V7, ;. is the inductor voltage in Mode k,k = 0,1,..., N,
and I, ;. is the initial inductor current in Mode k. It is noted that
V1, 1 is assumed to be constant.

Based on (5), (6) is shown at the bottom of the page, where
17, is the value of the inductor current at the beginning of the
switching cycle and At;, is the duration of Mode .

At steady state, the inductor current at the end of a switching
cycle is the same as the one at the beginning of the next switching
cycle. That is

iL(t) = I +

=1+ t 5)

Ipny1 = Ipo. @)
The average inductor current in Mode kI, L.k> can be ex-

pressed as

Ir i + In k1
ok T Lkl 8
5 (8)

The energy consumed by Channel i in one switching cycle
Es,i is

I, =

Noit1
E,; = Vg, Z Iy ; At;. 9
=1

The total energy consumed by all channels E is

voltage across L, vy, is N
E = FE ;. 10
vL (t) = ‘/in- (2) ; , ( )
This mode ends when all MOSFETS are turned OFF at t;. Assume that the conversion efficiency is 100%
Mode 1,t € [t1, to]: All MOSFETS are turned OFF and all
channels are activated. Thus E = Vin lac Ts (1D
vp(t) = Ve — Vi Wh'ere 14 is the average input current and 7T is the switching
period.
N T, can be expressed as
= V=Y Vi 3) N
- T, =Y At. (12)
This mode ends when the MOSFET (@ is turned ON. =0
Vin (A% At Atp_1) — Vo1 Aty — -+ V1 Aty
Iy = Ino + (Aty + 1+ + k-1) 1 1 k-1 Atk )

L
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Let d;, be the duty cycle of Mode k

At
dp, = Tsk' (13)
Thus, based on (9)
[ Es1/Vii ] _zLJrzLﬂ . ZL*"” L] Td
ES,Q/‘/S,Z IL,l IL,Z IL,k .. 0 ds
: _ 71 7: . : . : : T..
Es,k/vs,k IpiIpy-r oo - 0 dy.
_ES,N/‘/S,N_ _TL,I o --- o .- 0 | _d]\,_
(14)

Let n; be the luminous efficacy of the LEDs in Channel i. The
luminous flux emitted by the LEDs in Channel ¢, ¢, ;, is [28]

s — Th L . 15
Gs, T (15)
Thus, the output luminous flux, ®,, is
N
q)o = Z ¢s,i
i=1
;X
= T Z n; Es . (16)
=1

As derived in the Appendix, the ultimate CCT of the light

output, CCT,, is the function of ¢, 1, s 2, ..., ¢s v, Thatis
CCTO - C\?(d)s?l; ¢s,2a .. '7¢5,N)
_ofm Es1 m Eg» Ny Es N 17
6( 7. 1 o1 )

Detailed derivation of (17) is given in the Appendix. A partic-
ular case is that all strings have the same forward voltages, i.e.,
Vi1 = Vi =... =V, y.If theinductor Lis sufficiently large,
its current is fairly constant. Thus, I 1 = I 2 =...= I x.
Based on (14), CCT is purely determined by the duty cycles
do,dy,...,dy.

III. EXAMPLE—TWO-CHANNEL SYSTEM

A two-channel system is illustrated in this section. The first
channel consists of a 7 W LED module of CCT 2700 K (warm
white). The second channel consists of a 7 W LED module of
CCT 5000 K (cool white). Warm and cool colors have differ-
ent psychological effects [29]. With both warm and cool LED
channels placed in an LED lamp, it is possible for one to adjust
the color temperature of the lamp.

Fig. 3(a) shows the circuit schematic and control block di-
agram. Fig. 3(b) shows the key waveforms. Based on (5), (7),
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and (8)
‘/;Il
Iy = 1o + 7 Aty (18)
‘/in _‘/s _V;
I, = Ipg + —Ll 2 Aty (19)
‘/in - ‘/5
Iy = Ipy + == Aty (20)
Ins = 1Ino (21)
- I I
Tro = L,o-|2- L1 22)
- I I
T, = Ll (23)
- I I
Tro = L.Q‘;‘ L3 (24)
Based on (12) and (13)
T, = Aty + Aty + Aty (25)
At
d = T; (26)
At
dy = T;’. 27)
Thus, by using (14),
E;1/Via IpaIns|[di
' : = |2 ’ Ts. 28
|:ES,2/‘/;“2:| |:IL,1 0 }[dz (28)
Based on (11),
Es,l + ES,Q = Vgn Idc Ts- (29)
The average input current /g, is
I At I At I0 At
I = Lo Aty + Ip1 1+ Ipp2 2 (30)
T
Based on (16), the output luminous flux ®, is
1
(I)O Ean— (771 Es,l + 2 Es,?)' (31)

T.

As shown in the Appendix, the CCT, of a two-channel sys-
tem depends on the ratio of the output luminous flux of the two

channels
(z)s 2 )
CCT, = : .
p <¢s,1

As defined in (15), ¢ ; can also be expressed as a function of
the energy. CCT, is then a function of the ratio E; » / E; ;. In
particular, the forward voltages of the two channels are the same
and the current variation is relatively small in this application.
CCT, can then be expressed as a function of the ratio of the
duty cycles.

It should be noted in the analysis that E ; represents the en-
ergy consumed by the LED channel with the longer conduction
time, while E » represents the energy consumed by the LED
channel with the shorter conduction time. Thus, E, » < F ;.
For example, if the conduction time of the warm LED channel

(32)
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TABLE I
COMPONENT AND PARAMETER VALUES

Component/Parameter Value

Vin 20V

fs 200 kHz

L 2 mH

Dyarm and D g1 LL4148

Quarm and Qo1 IRF530N

Warm LED CXA1507-0000-000NOOE427H
Cool LED CXA1507-0000-000NO0G250H

is longer, the warm LED channel is Channel 1 and the cool LED
channel is Channel 2. Then, F, | = Ey,.m, which is the energy
consumed by the warm LED channel in one switching cycle, and
Ey o = Feoo1, which is the energy consumed by the cool LED
channel in one switching cycle. Conversely, if the conduction
time of the cool LED channel is longer, the cool LED channel
becomes Channel 1 and the warm LED channel becomes Chan-
nel 2. Then, E; 1 = Eco01 and E; 9 = Eyapn . Fig. 4(a) shows
the measured CCT,, versus the energy ratio, E » / E ;. Fig.
4(b) shows the measured CCT, versus the ratio of the duty
cycles, dy / (di + dq). The components used in the prototype
are listed in Table I. The measurements are conducted in an
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Two-channel system. (a) Power stage and controller, (b) Key waveforms when the lamp operates in Scenario 1.

integrating sphere with the spectrophotocolorimeter Everfine
PMS-80.
Let

dy

—_— 33
P (33)

m =

The CCT, is in piecewise-linear relationship with the values

of Es 9 / Es 1 and m. Based on the experimental results, CCT,
can be described by the following equations:

CCT, =

1337.5m + 2712.83,
689 m + 2975.2,
—1747.5 m 4 4801.83,
—781.5 m + 4407.3,

for Eeool < Fyarm, 0 <m < 0.4
for Eecool < Eyarm, 04 <m <1
for Ecool > Eyvarm, 0<m <04
for Feool = Fyarm, 04 <m <1

(34)

m can be approximated as the energy ratio of the two channels,
that is
m=~ Es9/E; ;. (35)

Fig. 4 shows the curves of the functions given in (34), which
are in close agreement with the experimental results. Based on



ZHAN et al.: INVESTIGATION INTO THE USE OF SINGLE INDUCTOR FOR DRIVING MULTIPLE SERIES-CONNECTED LED CHANNELS

= Experimental results
48004 = —E,,>E, E,=E,, . E,=E,,
=~ e T Ein <Eeris B 1= E > E,=E,,,
= 4400 1 . ) ;
5 N
O .
‘.
4000 1 .
-
-
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2800 A
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= Experimental results
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m=d, /(d+d)
(b)
Fig. 4. Experimental results of CCT, with varying energy ratio or varying

ratio of the duty cycles of the two channels. (a) CCT, versus Es 5 / Es 1, (b)
CCT, versus m.

(34), m can be expressed as a function of CCT,

m =
1
T, —2712. for 2713 < CCT 2
13375(CC” 712.83),  for 2713 < CCT, < 3250
689(CCT —2975.2), for 3250 < CCT, < 3650
1 .
——op5 (CCT, —4407.3),  for 3650 < CCT, < 4100
1
- T, — 4801. for 4100 < CCT, < 4801
T7a7 s (CCT, —4801.83),  for 4100 < CCT, < 480

(36)

®, and CCT, are controlled by adjusting the time intervals
Atgy, Aty, and Aty. They are regulated by a feedback mech-
anism, as depicted in Fig. 3(a). They are measured by a color
sensor and are compared with the corresponding references ®,..¢
and CCT s, respectively. Their errors are processed by two cor-
responding proportional-plus-integral (PI) controllers. Based on
the outputs of the PI controllers, Aty, Aty, and Aty are derived
by a PWM generator. Detailed operations of the PI controllers
and PWM generator will be discussed in Section III-B.

To enhance the speed of regulating ®, and CCT,,, the initial
values of Aty, Aty, and Aty are estimated before entering the
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Input control target @, CCT,,,

‘ Calculate A, , At , At,, with (42)-(44) ‘

Initialize [0] with (59)

Configure PWM module

Read @ [n], CCT,[n] from sensor

g[n]=0,, - [n]
&,[n] = CCT,, —CCT, [1]

Eq. (48):
At[n+1]=K, g [n]+K, Za[/]T

P e T Atg[n + 1 = At,[n]

Eq. (58):
u[n+l]l: u[n]

afn+1]=K, &,[n+K,,> &[T,
j=1

@

l

At[n+1]=ofn+1)(T, - Aty[n +1])
A[n+11= (1= o[n+11)(T, - Aty[n +1])

Atn+11=(2-aln+11)(T, - At [n+1])
Aty[n+11=(aln+11-1)(T, = At,[n +1])

[

Fig. 5. Control flowchart for regulating ¢, and CCT,.

feedback control loop. The flowchart of the control mechanism
is shown in Fig. 5. The procedures of the initial estimation and
the mechanism of the control loop are described as follows.

A. Initial Estimation of the Switching Times

The initial values of Aty, At;, and Ats, denoted by
Aty i, Aty ;, and Aty ;, respectively, are estimated by first de-
termining the initial value of m,m;, with (36) and CCT, =
CCT,er. Aty ;, and Aty ; are expressed in terms of Aty ; as

Aty = m; (Ts — Atgy) (37)
Atg,fj = (1 — m;) (TS — At07i). (38)
Based on (29), (31), and (35)
T, ®,
By, = —>T1_ (39)
m + min
Ty ©
E,, = Mils Pref (40)
' m + min2
1 ) @,
Lo = L) P (1)

(m + mina) Vi’
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By using (18)~(24), (30), (37), and (38)
Vii + mi Vig — Wi

Aty = T, 42

0 Vei + m; Vi “2)
m; Vi

Aty = TV p 43

b Vi1 + m; Voo o “43)
Vin — my V;

Aty; = o — T o p 44

> Veai + m; Vo 9
1
Irs = Ipp (T, Viz Via

Y (Vir +my Vi)
+ 210 LVE — Ty Via V2 +2m; T, Vi Vi
— I T, V2 Viy + 41gem; LViy Vi

—2m; Ty Viy Vax Vip + 2 Ige m? LV?,

— m? T, Vi V2,) 45)

1
Ip, = 5 (=T Vi Vi
2L (Vi1 + my Vio)

+ 2 Idc L ‘/;271 + Ts ‘/in V21 - m? T’s ‘/;2 ‘/.52

S n

+ 4 Igemi LVs1 Vio + 2m; Ty Vig Vi1 Vi
+2 Idc m? L ‘/;272 + m72 Te Vin ‘/;22)
1
I, = _
b 2L (Vsu + my ‘/;,2)2 (

+ 2mz Ts ‘/;121 V:s,l + 2—[ch‘/§1 +Ts V;n V21

S

(46)

Ts ‘/;121 V;,l

- 2 m; TS ‘/in ‘/;21 + m? Ts ‘/1121 ‘/;,2
—+ 4 Idc m; L ‘/,9’1 ‘/372 -2 m? 11 ‘/in V;',l ‘/;,2
+ 2 Lgemi LV], 47

Thus, Aty ;, Aty ;, and Aty ; given in (42)—(44) are used in
the initial setting. A more accurate estimation can be done with
the channel voltages being calculated with an approximate linear
model for LED [30].

- m? Ts ‘/in V22)

S

B. Feedback Control Mechanism

®, and CCT, are regulated at ®,.s and CCT\¢, respectively,
by using two control loops. The first loop generates At, by
using the error between ®, and ®,., i.e., €;. Fig. 6(a) shows
the measured ®, and CCT, versus Aty with m = 0.2, 0.6, and
1.0, respectively, when E.,o1 < Eyarm. With m fixed, ®, varies
with Aty while CCT, is relatively constant. With the increase
in the inductor charging time interval At, the average inductor
current and ®, increase. CCT, is relatively constant, as it is
determined by the flux ratio described in (32). Fig. 6(b) shows
the measured ®, and CCT, versus Aty with m = 0.2,0.6, and
1.0, respectively, when E.oo1 > FEyarm .- Similar characteristics
as in Fig. 6(a) are observed.

Thus, the first digital PI control is defined as

Atoln+1] = Kypein] + Kin Y _er[jlToam  (48)
j=1
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(a)

—a— m=0.2
—a—m=0.6
—h— m=1.0

Fig. 6. Measured ¢, and CCT, versus At; with different values of m. (a)
Ecool < Ewarms (b) Ecool > Ewarm-

where Aty[n + 1] is the value of Aty used in the (n 4 1)th sam-
ple, e1[j] = Prer — Dy 4], Po[5] is the jth sample of D, K, 1 is
the proportional gain, and K; ; is the integral gain, Ti,,, is the
sampling time period.

The second loop generates At; and Aty by using the error
es = CCT,.; — CCT,, and

Aty + Aty = T, — Atyp. (49)

Based on (33)

Aty = m(T, — Aty). (50)

As At is generated in the first loop, At; is determined
by m. As shown in (34), the value of m overlaps under the
whole operating conditions. A variable « is used to transform
the value of m to define the operating condition. Fig. 7(a) shows
the transformation function. The value of a varies between 0
and 2. It is defined as

m7
o =
{2—m,

Equation (33) shows that m, the ratio of the duty cycles, is
a key parameter in the electrical analysis. « is the variable de-

fOI’ EC()()I < Ewarm

. 51
for Ecool > Ewarm ( )
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Fig. 7. Relationship between « and m, and three operating scenarios. (a)
Relationship between a and m, (b) Scenario 1: E.o1 < Ewarm,0 < a < 1.0,
and m = «, (¢) Scenario 2: F.oo1 = Fywarm,and m = a = 1, (d) Scenario 3:
FEcool > Ewarm,1 < a<2,andm =2 — a.
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termining the operating scenarios shown in Fig. 7. Thus, (51)
shows that o bridges the electrical analysis and the optical char-
acteristics. Based on (51), there are three possible scenarios as
illustrated in Fig. 7.

Scenario 1: As illustrated in Fig. 7(b), 0 < o < 1, E01 <
E'arm > the conduction time of the warm LED channel is longer,
so the warm LED channel is Channel 1 and the cool LED channel
is Channel 2

Atl = « (Ts\ — Ato) (52)

and

Aty = (1—a) (T, — Aty). (53)

The key voltage and current waveforms in this scenario are
given in Fig. 3(b).

Scenario 2: As illustrated in Fig. 7(c), a =1, F.0 =
FEyarm, the conduction time of the warm LED channel is the
same as that of the cool LED. Then, the warm LED channel can
be Channel 1 or Channel 2, and the cool LED channel can be
Channel 2 or Channel 1, respectively

Atl = T@ - AtO
Aty = 0.

(54)
(55)

Scenario 3: As illustrated in Fig. 7(d), 1 < o < 2, Eo01 >
Eyarm » the conduction time of the cool LED channel is longer,
so the cool LED channel is Channel 1 and the warm LED channel
is Channel 2

Atl = (2—0[) (TS — At()) (56)

and

Aty = (a—1)(T, — Aty). (57)

The voltage and current waveforms in this scenario are similar
to that in Scenario 1, except that the corresponding waveforms
associated with the warm LED channel and cool LED channel
are interchanged.

Based on (52)—(57), « is the generated parameter in the sec-
ond loop through the other digital PI controller with the control
law of

n
an+1] = K, 2e9[n] + K o Zfz (/] sam (58)
=1

where a[n + 1] is the value of « generated in the (n + 1)th
sample, 5 [j] = CCT,ot — CCT,[j], CCT,[4] is the jth sample
of CCT,, K, » is the proportional gain, and Kj 5 is the integral
gain, T}, ,, is the sampling time period. As for the initial value of
a, «[0], after m; is calculated with (36), «[0] can be calculated
based on (51) by

al0] = .
for 3650 < CCT,er < 4801

277717;,

{mi, for 2713 < CCTyet < 3650 -

The two control loops give the updated values of Aty and
a, i.e., Atg[n + 1] and afn + 1], respectively. Aty [n + 1] and
Aty[n 4 1] can be calculated with (52)—(57). The duty cycle
value of PWM signal dy, dyarm, and dcoo1, shown in Fig. 3, in
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Connecting
interface to
warm LED
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interface to
cool LED
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interface to
TCS3472

uSART (=11)

ﬁ“j Ul.0 Designed by Charles Zhan (7

Fig.8. Hardware implementation and testing. (a) Prototype. (b) Testing setup.

(n + 1)th sample, i.e., do[n + 1], dwarm [7 + 1], and deoor[n +
1], can be configured by using a[n + 1], Atg[n + 1], Aty [n +
1], and Aty[n + 1], as illustrated in Figs. 3 and 7(b)—(d)

%m+u::é@%iﬂ. (60)
If 0 < afn + 1] < 1, the operation is in Scenario 1,
dwarm[n+1] = 0 61)
and
deooi[n +1] = da[n+1] = w (62)

If a[n + 1] = 1, the operation is in Scenario 2

dwarm([n+1] = 0 (63)

and
= 0.

dcool [’I’L + 1] (64)
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Fig. 9. Comparisons of ®, and CCT, measured by the spectrophotocol-

orimeter system, by the color sensor before and after calibration. (a) Comparison
of @, . (b) Comparison of CCT,.

If 1 < afn + 1] < 2, the operation is in Scenario 3,

Aty [n + 1]

Awarm [n + 1] = T

dafn+1] = (65)

and

dcool[n + 1] = 0. (66)

The timing is achieved by relative settings of different PWM
channels associated with the same timer in the MCU.

IV. EXPERIMENTAL VERIFICATIONS

A two-channel system, as described in Section III, has been
built and evaluated. Its circuit schematic is shown in Fig. 3(a).
Fig. 8 shows the picture of the prototype and testing setup. The
parameters of the components are listed in Table I. The output
Iuminous flux and CCT are measured by a color sensor TAOS
TCS3472 [31]. They are also verified by Everfine PMS-80 spec-
trophotocolorimeter with an integrating sphere. The microcon-
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(e)

Experimental waveforms of the two-channel system. (a) MOSFET driving signals, v, . and vy ., and inductor current i; when the lamp is

operated in Scenario 1 (Chl: v, g (10V/div), Ch2: v, g (10 V/div), Ch3:ig (100 mA/div), Timebase: 4s/div), (b) LED channel currents, éwarm and icool,
and voltages, Uy arm and vcqo1, When the lamp is operated in Scenario 1 (Chl: iwarm (200 mA/div), Ch2: vy arm (50 V/div), Ch3: ic401 (200 mA/div), Ch4:
Veoo1 (50 V/div), Timebase: 4s/div), (c) LED channel currents, iyaym and icqo1, and voltages, vy arm and veqo1, when the lamp is operated in Scenario 2 (Ch1:
twarm (200 mA/div), Ch2: vyarm (50 V/div), Ch3: icqe1 (200 mA/div), Ché: ve,0 (50 V/div), Timebase: 4ps/div), (d) LED channel currents, iy arm and icool.
and voltages, Vyarm and veq o1, when the lamp is operated in Scenario 3 (Chl: iyarm (200 mA/div), Ch2: vyarm (50 V/div), Ch3: i 401 (200 mA/div), Ch4: v o)
(50 V/div), Timebase: 4ps/div), (e) LED channel currents, iyaym and icoo1, and voltages, vywarm and veq01, when the lamp is operated in Scenario 1 without the
series-connected diodes (Chl: iy arm (200 mA/div), Ch2: vyarm (50 V/div), Ch3: ico01 (200 mA/div), Ch4: veoe1 (50 V/div), Timebase: 4ps/div).

troller STM32F334 first reads the red, green, blue, and clear
light sensing values from the color sensor via an I°C bus. Then,
®, and CCT, are calculated, according to [32], which are also
calibrated by the spectrophotocolorimeter system. The stability
of the entire control system is assured. Detailed mathematical
treatments are given in the Appendix.

Fig. 9 shows the comparison of ®, and CCT,,, in which “®,
measured” and “CCT, measured” are the data measured by the
spectrophotocolorimeter system, “®, calibrated” and “CCT,
calibrated” are the data after calibration, and “®, uncalibrated”
and “CCT, uncalibrated” are the data before calibration. They
are obtained by the method described in [32]. The uncalibrated

data obtained by the color sensor does not well match with the
data obtained by spectrophotocolorimeter. After calibration, the
data obtained by the color sensor can match well with the one
measured by the spectrophotocolorimeter.

The control algorithm shown in Fig. 5 has been implemented.
The feedback mechanism in the control loops relies on the infor-
mation from the color sensor without sensing the inductor cur-
rent or channel current. The sensed inductor current 7;,, shown
in Fig. 3(a), is only used for the overcurrent protection.

For driving the two MOSFETs, the gate driver Texas In-
struments LM5102 is used. It is designed to drive both the
high- and low-side MOSFETs. The outputs can be controlled
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Fig. 11.  Measured @, and CCT, versus v with constant At .

independently. That is, driving the MOSFET associated with an
LED channel does not affect the driving of MOSFET associated
with the other LED channel. As both MOSFETs are turned ON
for charging the inductor at the beginning of each switching
cycle, the bootstrap capacitor in the gate driver will be charged
up in every switching cycle.

The waveforms of MOSFET gate signals, inductor current in
Scenario 1, LED currents and voltages in Scenarios 1, 2, 3 are
shown in Fig. 10(a)—(d). The waveforms are in close agreement
with the theoretical waveforms shown in Fig. 3(b). For the sake
of comparison, the waveforms of the LED current and voltage
in Scenario 1 without the series-connected diodes, i.e., Dyarm
and D, in Fig. 3(a), are shown in Fig. 10(e). Reverse currents
appear in both warm and cool LED channels upon turning on the
parallel switches. The peak reverse current of the warm LED is
around 300 mA, while the peak reverse current of the cool LED
is around 400 mA. Compared with the corresponding wave-
forms in Fig. 10(b), it can be observed that the series-connected
diodes can effectively eliminate reverse current pulses. Such
phenomenon can be explained by considering that a current
path is created after the parallel switch is turned ON. Without
the series-connected diode, the effective capacitance in the cur-
rent path is the junction capacitance of the LED channels. With
the series-connected diode, the effective capacitance in the cur-
rent path is dominated by the capacitance of the diode. Since
the junction capacitance of the series-connected diode is much
smaller than that of the LEDs. Upon turning on the parallel
switch, reverse current is limited by the series-connected diode
because the displacement current through a capacitor is depen-
dent on the value of the capacitance and the rate of change of
the voltage across the switch. With the same voltage change,
the reverse current is smaller in the case with small capacitance,
that is, in the situation with the series-connected diode.

Fig. 11 shows the measured ®, and CCT, versus a with
constant Aty. When Aty is fixed, variation of o will change
the conduction times of the two LED channels, affecting the
discharging rate of the inductor current. Thus, the average value
of the inductor current and the luminous flux will be changed.
When « is close to 1, the discharging rate of the inductor current
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Steady-state error of ®, and CCT, with ® .. varying between 100 and 600 Im,
and CCT,; = 4000K, (b) Steady-state error of ¢, and CCT,, with CCT ¢
varying between 2800 and 4800 K, and @,y = 400 lm.

will become steeper, causing decreases of the average inductor
current and ®,. Details are described in Section V.

Experimental results also verify the effectiveness of the pro-
posed control method. Fig. 12(a) shows the percentage error of
®, and the error of CCT, with ®,.; varying between 100 and
600 Im. As the efficacy of the LEDs is around 95.8 Im/W and the
lamp power is 7 W, the maximum outputis 95.8 x 7 = 670.61m.
By considering the performance tolerance of the LEDs and
losses of the driver, the maximum output is set at 600 Im. More-
over, if the lamp is allowed to dim to 20%, the minimum output
is set at 100 Im.

Fig. 12(b) shows the results with CCT,.¢ varying between
2800 and 4800 K. It was found that the CCT of the warm LED
used in the prototype over the driving range varies between 2698
and 2735 K, while the CCT of the cool LED used in the prototype
over the driving range varies between 4801 and 4828 K. CCT,..¢
is set in step of 100 K. Thus, CCT,¢ varies between 2800 and
4800 K. The steady-state percentage error of ¢, is around +1%
with a maximum of 3% at the lowest output luminous flux of 100
Im. The steady-state errors of CCT, are within 420 K in both
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TABLE II
STEADY-STATE ERROR OF ®, WITH CCT .y = 4000K

Do (Im) Error of &, (Im) Percentage error of ¢, (%)
100 3 3.00
150 0 0.00
200 -1 -0.50
250 3 1.20
300 2 0.67
350 0 0.00
400 2 0.50
450 -1 -0.22
500 4 0.80
550 -5 -0.91
600 2 0.33
TABLE III

STEADY-STATE ERROR OF CCTO WITH CCT,s= 4000 K

®,or (Im)  Target CCT and tolerance (K)  Error of CCT, (K)
100 3985 + 275 12
150 3985 + 275 3
200 3985 + 275 -4
250 3985 + 275 9
300 3985 + 275 2
350 3985 + 275 14
400 3985 + 275 5
450 3985 + 275 2
500 3985 + 275 4
550 3985 + 275 10
600 3985 + 275 2

TABLE IV
STEADY-STATE ERROR OF ®, WITH @, = 400lm

CCT et (K) Error of ®, (Im) Percentage error of ®, (%)

2800 -1 -0.25
3000 -1 -0.25
3200 1 0.25
3400 1 0.25
3600 3 0.75
3800 —4 -1.00
4000 2 0.50
4200 0 0.00
4400 2 0.50
4600 -3 -0.75
4800 -3 -0.75

tests. Thus, the results show that the proposed control method
has a good steady-state response.

The error and percentage errors of ®, with ®,.¢ varying
between 100 and 600 Im and CCT,.s = 4000K are given in
Table II. @, has errors within 5 Im and percentage error around
+1% with the maximum of 3% at the lowest output of 100
Im. Thus, the steady-state performance with varying ®,.; is
acceptable. Table III shows that the errors of CCT, with ®.¢
varying between 100 and 600 Im are very small compared with
the allowable tolerance. The error and percentage errors of @,
with CCT,es varying between 2800 and 4800 K and @, =
400 lm are given in Table IV. The steady-state percentage error
of ®, is within £1%, which is also acceptable in practice.
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TABLE V
STEADY-STATE ERROR OF CCT, WITH ®,y= 400 LM

CCT, et (K) Target CCT and tolerance (K) Error of CCT, (K)
2800 2800 £156 10
3000 3045 +175 10
3200 3200 +£201 3
3400 3400 £218 1
3600 3600 + 233 16
3800 3800 + 245 1
4000 3985 £ 275 5
4200 4200 + 267 7
4400 4400 £ 277 2
4600 4600 + 287 -2
4800 4800 + 298 -17

According to [33], for nominal CCTs 3000 and 4000 K, the
target CCTs and tolerances are 30454175 and 39854275 K,
respectively. For other nominal values of CCT, denoted as 7,
ranging from 2800 to 4800 K in step of 100 K (i.e., 2800, 2900,
..., 4800 K), excluding 3000 and 4000 K mentioned before,
the tolerance AT is calculated by

AT = 1.1900 x 107 7% — 1.5434 x 107* T?

+ 0.7168 T — 902.55. (67)

The errors of CCT,, with comparison to the tolerances given
by the above standard are shown in Table V. The errors of CCT,
with varying CCT,; are very small, as compared with the
allowable tolerances. Physically speaking, the results reveal that
the lamp can maintain the color temperature at any brightness
or maintain the brightness at any color temperature.

Fig. 13(a) shows the transient response when ®...¢ is suddenly
changed from 200 to 400 Im. Fig. 13(b) shows the transient
response when CCT,,¢ is suddenly changed from 3000 to 4000
K. The output can revert to the steady state in four sampling
time steps, demonstrating good dynamic response.

V DISCUSSIONS

The proposed driver is basically a boost-derived converter
with the output voltage being higher than the input voltage. As
shown in [34], the required inductor value for a boost converter
can be approximated by the equation of

Vin (Vz)ut - V; ) VI VI

L = = ]. -
AIL fs ‘/out AIL fs ( V:)ut

where 1, is the average output voltage and A} is the peak-
to-peak inductor ripple current.

By substituting the values given in Table I into (68), the
relationships between the value of L and V,,; with A} equal
0.01, 0.03, and 0.05 A are shown in Fig. 14. The value of the
inductor does not increase linearly with the increase in V.
Conversely, the value of the inductor will converge to a value
depending on the inductor ripple current. This implies that the
application of the proposed driver is theoretically not limited by
the number of series-connected LED channels. Such condition
gives a favorable condition for series-connected LED channels.
Nevertheless, apart from the required value, the physical size

) (68)
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Fig. 14.  Relationship between the inductor value and the output voltage.

of the inductor is also dependent on its current rating, core size
selection, and loss consideration.

When At is fixed, variation of o will change the conduction
times of the two LED channels, affecting the discharging rate
of the inductor current. Thus, the average value of the inductor
current and the luminous flux will be changed. Fig. 15 illustrates
the variation of the inductor current, when « is changed from
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Fig. 15.  Inductor current waveform when « is changed from 0.3 to 1.0 (Atg

is fixed).

0.3 to 1.0. For o = 0.3, in Mode 0, both MOSFETSs are turned
ON and the inductor is charged. Thus, the rate of change of the
inductor current is

(69)

In Mode 1, both MOSFETsS are tuned OFF and the two LED
channels are activated. The output voltage

Vo=Vi1+ V0. (70)
Thus, the rate of change of the inductor current is
‘/in - ‘/5 - ‘/5
—my = —Ll 2 (71)

In Mode 2, the MOSFET across the LED channel 2 is turned
ON. The output voltage is

Vo =Vi1. (72)
Thus, the rate of change of the inductor current is
V;n - ‘/S
—mny = % (73)
By comparing (71) with (73)
mi1 > Mmo. (74)

With Aty fixed and « changed to 1.0, the rate of change
of the inductor current is —m; during the inductor discharging
time (T, — Atg). Since my > mao, the average value of iy, will
reduce, as compared to the previous switching cycle. As i1,
reduces, the LED forward voltage, and thus the value of m;,
will also reduce. Finally, ¢;, will settle to a smaller value.

Since the proposed structure has MOSFETSs connected in
series, the conduction loss is comparatively higher than the
conduction loss of the parallel-connected structure, such as
in [10]-[14]. However, such conduction loss is very small,
as compared to the LED power. Consider a tetra-color sys-
tem. The worst-case scenario is that only one LED channel is
activated and the rest of three channels are bypassed by the
three MOSFETs. Assume that the LED has the maximum for-
ward current of 0.375 A and forward voltage of 37 V, and
the on-resistance of the MOSFETsS is 0.09 €2, which are based
on the parameters of the components used in the experimen-
tal prototype. The conduction loss of the three MOSFETs is
0.375% x 0.09 x 3W = 0.038W. The power of the activated
LED channel is 0.375 x 37TW = 13.875W. Thus, the percent-
age of the MOSFET conduction loss, as compared with the LED
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TABLE VI
COMPARISONS OF THE PROPOSED DRIVER WITH OTHER STATE-OF-ART
DRIVERS

Parameter SIMO driver with Driver Proposed
parallel-connected channels in [27] driver
Number of power switches 1+ N 24+ N N
Number of inductor 1 1 1
Sensitive to channel switching? Yes No No
Concurrent driving? No Yes Yes
Requirement for Vi, Vin >V, or Vi, <V, Vin >V, Vin <V,

power is (0.038/13.875) x 100% = 0.27%, which is small and
acceptable in practice. The percentage will be reduced with
smaller current, increased number of LEDs in one channel, or
fewer number of LED channels. It is noted that the conduction
loss of the MOSFETs during the inductor charging period is
excluded in the above study. Such energy loss is dependent on
the duration of Mode 0.

The proposed structure can be used for tricolor system (RGB)
and tetracolor system (RGBW or RGBA). However, some so-
phisticated gate drivers might be needed. During the time inter-
val Azy when the inductor is being charged, the LED channels
are bypassed. Thus, the LED channels cannot be fully utilized,
giving the limitation of the proposed method.

The buck-type SIMO LED driver with series-connected chan-
nel structure in [27] requires the input voltage being higher than
the output voltage, giving the design challenge for the system
with many series-connected LED channels. Moreover, a sepa-
rate switching network is required to regulate the inductor cur-
rent. Conversely, the proposed boost-type structure combines
the channel bypass switches with the converter switch. There-
fore, it does not require a high input voltage and also reduces
the number of switches. A comparison among various structures
with single inductor is shown in Table VI.

VI. CONCLUSION

An investigation into the use of single inductor for driving N
series-connected LED channels is presented. Compared with the
conventional architecture having all LED channels connected in
parallel and (N + 1) switches, the proposed structure has the
merits of 1) requiring N switches, 2) allowing all channels to
be driven concurrently in every switching cycle, and 3) being
insensitive to the duration of the transition switching from one
channel to another. The concept has been demonstrated on a
two-channel structure with tunable luminous flux and CCT. The
experimental results are in close agreement with the theoretical
predictions.

APPENDIX
A. Derivations of (17) and (32)

For the light emitted by an LED or LED module, (x¢, o)
denotes the CIE 1931 chromaticity coordinates, Xy, Yy, and Z
denote the tristimulus values, ¢ denotes its luminous flux,
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and [ is a scale constant (683 Im/W). Based on [35]
X = L0 9e (A1)
v B

Y, = ¢;° (A.2)

1 - - s
Zo = L= %0 = %P0, (A3)

Yo B

For the light synthesized by N LED channels, its tristimulus
values X, Y, and Z are

N N p
x=Yx, =Y &% A4
; ; yi B A
0
Y, = ShL A5
; ; 5 (A5)
N
L= —yi ds,i
_ . A.6
Z: ; Yi B (A0
By using (A.4)—(A.6)
Vo
X+Y+7 = — A7
g " (A7)

The color coordinates of the synthesized light (x, y) are

N T i
g X Lyt (A8)
X+Y+Z vazlylf%i
Y Z”mu
_ L A.
YT Xiv+z (A9)

Zl 1 Yi ¢5 i
The CCT of the synthesized light [36] is

CCT = —437 x A% + 3601 x A% — 6831 x A + 5514.31
(A.10)
where

x — 0.329
A= ———. A.11
y — 0.187 ( )
Therefore, CCT,

channel, that is

is the function of luminous flux of each

CCT() =9 (¢s,17 (bs,Za ey ¢s.,N) . (17)
For the case that the light is synthesized by two channels
_ x—0.329
h y —0.187
“ IR L2 o
i, 0329
= P51+ ds 2
Ty T ie,, 0187
21-0.329 | 2,-0.329 ¢s.2
i + P b1
_ Y1 Y2 @51 ) (All)

y1—0.187 + Y2 —0.187 ds.2
Y1 Y2 5.1
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Fig. 16.  Small-signal model of the two-loop control.
Therefore, CCT, of the synthesized light is the function of and
the flux ratio 4
in(s) _ Ve (A.19)
(32) di(s) sL

CCT, =p (22) :
s,1

B. Proof of System Stability

According to Section II, there are three operating modes in
each switching cycle. In Mode 0, Aty = dyTs, both MOSFETs
are turned ON and the inductor is charged

dig,
L— = V;n-
dt

In Mode 1, At; = d,T,, both MOSFETsS are tuned OFF and
the two LED channels are activated

dig,
L— = Vgn -
dt

In Mode 2, Aty = dy T, = (1 —dy — dl)Ts, the MOSFET
across the LED channel 2 is turned ON

dig,
L— = ‘/in -
dt

(A.13)

Vip — Vi (A.14)

Vi (A.15)
Based on (A.13)-(A.15), a time-averaged equation can be

shown to be
d [iL (t)]Tb

L——— =V

dt — [ = do ()] Vax — dr ()Vi 2

(A.16)
By introducing small-signal variations into iy, (t), do(t) and
d; (t) and linearizing the equation

Ld%L ()

=dy(t)V, 1 — dy (})V,
o 0(O)Vsr —di(t)Vs 0

(A.17)
where i (t), do(t), and d (t) are the small-signal perturbations
of ir, (t),do(t), and dy (t).

Therefore, the small-signal models of the power conversion
stage is

= 1= (A.18)

The small signal model of the two-loop control is shown
in Fig. 16. A+ % and C' + % are the transfer functions of
the PI controllers for the luminous flux control loop and CCT
control loop, respectively. The relationships among é(s), do (s)
and d; (s) are related to (33) and (51).

For Scenario 1,0 < a < 1,m = a,d; = a(1 — dp)

di(s) = —agdo(s) + (1 — Dy)a(s) (A.20)

in which «, Dy are the steady-state values of o and dy, respec-
tively. Therefore, p = —ap(—1 <p <0)and ¢ =1 — Dy.
For Scenario 2, it is the same as Scenario 1, except that
a=1,p=—-landgq=1— Dy.
For Scenario 3, 1<a<2 m=2-qa,d =(2—«)
(1 —do)

di(s) = (o — 2)do(s) — (1 — Dg)é(s) (A21)

in which o and Dy are the steady-state value of « and dy,
respectively. Thus, p =y —2(—1 <p <0) and g = —(1 —
Dy). - .

As &, ~ n Vi, I, the relationship between ®,(s) and
ir(s)

B,(s) = 1 Vi ir(s).

According to (34) and (51), the relationships between
CCT,(s) and a(s) is linear, and the slope is represented by
r.

Based on Fig. 16, the control of CCT is not affected by the
luminous flux control loop, but the CCT control loop affects the
luminous flux control. Since the CCT control loop is set much
faster than the flux control, the CCT control will reach steady
state much earlier than the flux control. Since the CCT control
has reached its steady state, &(s) = 0, the CCT control loop
will not affect the flux control. In this way, the control loops are
decoupled. The stabilities of the decoupled control are studied.
For the CCT control shown in Fig. 17(a), the closed-loop transfer

(A.22)
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= + e,(s) a(s 2
CCT,,(5) A —> CCT,(s)
: — .
(@
i - &(s) d.(s % .
b, (s) —F 9 ] (1 B] %) 1 L 5 d,(5)
s sL
(’?1(3) _ &
sL
(b)
Fig. 17. Decoupled small-signal model. (a) CCT control. (b) Luminous flux control.
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Fig. 18.  Root locus of the flux control.
function is locus, and details of the part in the dot rectangular are shown in
CCT, (s) r(Cs + D) the grrow-gulded picture. In this enlz}rged picture, d§ta11s Qf the
= =7 c ok (A.23) partinthe dot rectangular are shown in the arrow-guided picture
CCThet(s) 1 +rC)s+r on the left. The starting points, p = 0, end points, p = —1, are
. . D . labeled in the picture. Thus, the flux control loop is stable.
The pole is s = — T L ok Since the values of r, C, and D

are positive, the pole is on the left-half-plane. Thus, the CCT
control loop is stable.

The decoupled flux control is shown in Fig. 17(b). The for-
ward voltage of the cool and warm LEDs in the prototype is the
same, thatis V ; = V; o = V. The open-loop transfer function

i 2V Vs (1252)(‘4 s+ 5) The closed-loop transfer function is
b, (s) NV V(1 — p)(As + B) A
Groe(s) L2 +nVaVi(l—p)(As+ B)

Fig. 18 shows the root locus of the flux control loop with
change of K(K = 1 — p). The big picture shows the whole root
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