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ABSTRACT A variable-frequency constant-current control (VFCCC) method with the constant on-time is
proposed in this paper for a switched-capacitor (SC) converter-based automotive LED driver. This control
method is based on the one-cycle control method. The stable load current regulation could be achieved
with the simple analog topology. The variable load current is conveniently set by changing the reference
value. In order to reduce the current spikes, the SC topology presented in this paper introduces an inductor
in the charge loop. To verify the performance of the proposed control method, a 36-W SC converter is
constructed. The VFCCC-controlled SC converter is tested under different operation conditions with the
different input voltages and variable constant ox-time. The experimental and simulated results show that with
the proposed control method, the external disturbance could be rejected with the fast-dynamical response
speed and robust performance. With the SC converter, the high-power density could be realized for the
automotive LED driver. The VFCCC control method is suited for the different topologies of SC converters.
It could facilitate the SC applications for the automotive LED driver.

INDEX TERMS Variable frequency constant current control (VFCCC) method, one-cycle control, switched-

capacitor (SC) converter, automotive LED driver.

I. INTRODUCTION

LED drivers demand high performance with increasing func-
tionalities [1]-[4]. LEDs provide the advantages such as
high luminous efficiency and long lifetime [1], [S]-[8]. The
performance of LEDs mainly depends on a driver. A LED
driver should be an attractive and low-cost solution while
accomplishing a high performance [9]-[15].

LED bulbs could provide the same amount of light as
traditional incandescent car bulbs with less energy [16]. For
LED lamps, the advantages such as the cooler temps, longer
lifespan, and greater stylistic freedom can be transferred to
be the longer road range on a single charge for the electric
vehicles. As the advantages of the LEDs, they have been
widely used for the environmental-friendly applications such
as electric vehicles [17]-[20]. In the applications of LED
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lamps for electric vehicles, the power source is the batter-
ies [21]. As aresult, the input current and load current ripple,
which will influence the lifespan of the batteries, should be
small enough.

In order to improve the performance of LED drivers,
SC converter has been explored. Switched-capacitor (SC)
converter is used for the different low power and high-power
applications with the high-power density, small size, and
light weight [22]-[26]. The SC converters are only composed
of switches and capacitors. The energy transfer is achieved
by adjusting the charging and discharging periods of the
switched capacitors. The resonant switched capacitor con-
verter has been invented to reduce the pulsating current in
the charge loop and discharge loop of SC converter to realize
the high energy efficiency and the low EMI noise [27]-[31].

A dimmable resonant-switched capacitor LED driver with
variable inductor control is shown in [29]-[30]. It provides
a simple and cost-effective solution for the LED driver with
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the simple topology. However, it is not easy to achieve the
variable inductance to control the mean value of the LED
lamp current. The research study presented in [32] provides a
frequency modulated SC converter to drive LEDs. The aver-
age current proportionally depends on the difference between
the supply voltage and the forward voltage of LEDs. The
LED array will be affected by the variable forward voltage
of LEDs. Besides, the forward voltage also depends on the
LED junction temperature, making this proposal inadequate
for the open-loop operation. Paper [33] provides a SC con-
verter driver with the 24V DC source. Unlike the conventional
SC converters, the proposed SC converter in [33] adopts
a small additional magnetic component to make the power
delivered to the LEDs does not depend on the forward volt-
age. It improves the efficiency of SC converter. Paper [34]
presents a LED driver based on the three-phase resonant
SC converter. The low ripple current and the small per-
cent flicker could be accomplished by adopting the pro-
posed three-phase structure. Variable LED dimming could be
obtained by changing the switching frequency.

‘When it comes to the automotive LED driver, there are dif-
ferent kinds of topologies are provided. A topology-transition
control for automotive LED driver is proposed in [17].
It could provide the fast-current regulation in the wide-input
voltage range. The maximum energy efficiency is realized
around the voltage gain ratio 1. A high-frequency, digitally
controlled high-brightness LED driver for automotive appli-
cations with fast dimming capabilities was proposed as shown
in [19]. The power converter is based on the magnetically
coupled Cuk topology and employs a single, off the-shelf
SMT mutual inductor. In combination with a dedicated duty
cycle feedforward technique, the load current is regulated.
Paper [35] presents a PWM-based LED driver that features
low EMI noise and high reliability. The buck-based LED
driver is regulated by the average current control method and
the good current balance and small current ripple is obtained.
However, with the inductor-based converter, the power den-
sity of LED driver is not high enough. The conventional PWM
control scheme (i.e., peak current control) suffers from two
issues [35]. One is the the average output current is imprecise.
The other is subharmonic oscillation when the duty cycle is
larger than 0.5. What’s more, the dynamic response speed is
not high enough for the linear control method.

A constant on time variable frequency one-cycle control
(CVFOCC) method is proposed in [36] for SC converters. Itis
designed to accomplish the continuous variable conversion
ratio and fast-dynamical response speed to reject the external
disturbance. This control method is based on the dynamic
capacitor-ampere second balance modeling method [37] and
the one-cycle control method [38]. A proper regulation could
be obtained by controlling the related “off time” of a tran-
sistor with the constant “on time”” which is less than the time
constant t of the charge loop. Based on the dynamic capacitor
ampere-second balance principle and the one cycle control
method, the robust output voltage regulation is achieved with
the fast-dynamic response speed as shown in [36].
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FIGURE 1. Closed feed-back loop of proposed controller.

For the future electric vehicles, the LED drivers should
provide the good features: high power density, cost-effective,
simple topology, and good regulation with the fast-dynamic
response speed.

A topology of a resonant SC converter shown in [33] is
adopted in this paper to verify the proposed constant current
control method. An inductor which is injected into the charge
loop to reduce the pulsating current which occurring in the
general SC converter. However, the SC converter is controlled
by the open-loop control method in [33]. It cannot reject
the external disturbance. The load current regulation is not
good enough. The maximum efficiency is less than 85%.
In this paper, based on the research study in [36] and [38],
the authors propose a nonlinear constant on time variable
frequency constant current control (VFCCC) method for the
SC converter-based automotive LED driver. The closed feed-
back loop of proposed controller is shown as Fig.1. Compared
with the research work in [36], the constant current regulation
of SC converter is achieved in this paper. The output current of
SC converter could be kept stable by adjusting the switching
frequency with the constant on time. In one switching cycle,
the charge of capacitor and discharge of capacitor is kept
balance by integrating the charging current of capacitor in
the charging period and integrating the discharging current
of capacitor in the discharging period. The PI control method
is the linear control method. However, the charging and dis-
charging of SC converter is a nonlinear operation. Compared
with the PI control method, the nonlinear VFCCC control
method will provides more stable performance with the fast-
dynamical response speed.

With the VFCCC method, the SC converter provides good
performance. What’s more, the dimming of LEDs could be
rearranged by just changing the reference current. In order
to build the control topology, the charge balance principle is
adopted in this paper. The primary objective of this paper
is to explore the VFCCC method for SC converter-based
automotive LED driver and to provide systematic analysis
to address the regulation issue for the electric vehicles. The
rest of paper is organized as follows: the topology and the
operation principle of SC converter-based automotive LED
driver is investigated in section II. The modeling and oper-
ation analysis for the proposed control method is provided
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FIGURE 2. Equivalent electrical model of LEDs.
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FIGURE 3. Topology of SC converter based automotive LED driver.

in section III. Section I'V shows the experimental verification.
In section V, the conclusions and discussions are drawn.

Il. SC CONVERTER TOPOLOGY ANALYSIS

Fig.2 shows a simplified LED model. It is composed of the
intrinsic series resistance, the ideal diode, and the power
source of LED. The LED intrinsic series resistance is due to
the current diffusion in the semiconductor and the device is
designed for the low value to minimize losses.

The SC converter-based automotive LED driver used in
this paper is shown in Fig.3.This SC converter works in the
discontinuous conduction mode (DCM). As shown in Fig.4,
there are six equivalent operation states. The operation timing
waveforms are presented in Fig.5. An inductor is injected
into the topology to make the power which delivered to
the LED do not depend on the forward voltage. This issue
can be achieved by increasing the on time of SC converter
which could reduce the peak currents through the circuit. The
capacitor Cy is charged and discharged in one switching cycle.
The energy stored in the capacitor Cj is transferred to the filter
capacitor C, and the power LED.

The following assumptions are made to facilitate the mod-
eling calculation:(a)S; and S, are identical with the same
internal resistance (R;1 = Ry = Ry). (b) The capacitance
of C, is large enough to ensure the voltage characteristic
imposed by LEDs. (c)When switch S is turned on, switch S»
must be turned off and vice versa.(d) Diodes Dy, D>, D3 and
Dy are identical with the same internal resistance (R;; =
Rs» = Ry3 = Rys = Ry).The operation of SC converter
presented in this paper could be divided into six states as
shown in Fig.4 and Fig.5.

Fig.3(a) shows the State 1 (f9 — #2). When switch S is ON
while switch S» is OFF, the capacitor C;, inductor Lg, and
filter capacitor C, are charged by power source. During the
period of State 1, the maximum voltage across capacitor Cg
is Vi,. At time #{,the maximum current flows through capac-
itor C,. The current through capacitor Cs reduces to zero at
time instant 7;.

Fig3(b) shows the State 2 (> — #3).The switch S5 is kept
OFF and there is no current flowing through switch S,
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diodes D1, D>, D3 and D4 are all ON, the inductor L delivers
its stored energy to capacitor C, and load power LEDs.
At time instant #3,the current of inductor L; reaches zero.
Fig.3(c) shows the State 3 (3 — t4), the capacitor C,
transfers its stored energy to the load power LEDs. The half
energy which provided by the power source is stored in the
capacitor C; at the time point #3.The other half energy is
delivered to the capacitor C, and the load power LEDs.
Fig.3(d) shows the State 4 (t4 — f6), when switch S; is ON
while switch Sy is OFF, capacitor C; delivers its stored energy
to inductor Ly, the load power LEDs, and capacitor C,. The
original voltage across capacitor C; is equal to Vj,. At time
point #5,the maximum current of capacitor Cj is achieved. The
voltage across capacitor Cy reduces to zero at time 7.
Fig.3(e) shows the State 5 (t¢ — t7). The switch S; is
kept OFF and there is no current flowing through switch S»,
diodes D1, Dy, D3 and D4 are all ON. Inductor L, transfers its
stored energy to the capacitor C, and load power LED. This
state is similar to State 2.
Fig.3(f) shows the State 6 (7 — tg). Capacitor C,, transfers
its stored energy to the load power LEDs. This state is similar
to State 3.

1Il. OPERATION AND CALCULATION

Paper [37] presents a capacitor ampere-second balance tran-
sient (CASBTC) modeling method. The work in [37] is based
on the instantaneous charge balance calculation in the charg-
ing period and discharging period to realize the stable voltage
regulation. However, in this paper, in order to achieve the
constant current regulation, the one cycle charge balance of
capacitor is directly built by introducing the instantaneous
charging current of capacitor and discharging current of
capacitor to the key modeling equation. As a result, the theory
and the modeling method in this paper is different from the
work in [37]. This modeling method is conducted based on
the ““on time” and ““off time” or “‘one switching cycle time”
of a transistor instead of the duty-cycle. It yields accurate
transient and steady-state prediction of SC converters in the
wide operation range.

A. OPERATION ANALYSIS FOR THE PROPOSED METHOD
The operation of the SC converter is based on the charge
balance of capacitor C;.The charge in the charging period of
C; is equal to the discharge in the discharging period of C;.
In this paper, the charging time for Cj is kept constant (T,;,).
The load current regulation could be achieved by changing
the discharging time of Cy(T ).

In the following calculation, the resonant frequency of the

circuit can be defined as w, = ﬁ
S B

In State 1(#p — #2), according to KVL principle, the instan-
taneous voltage through the capacitor Cy can be written as:

Ves ) = — (Vi — Vo) cos (wot2) + (Vi — Vo) (D

where V;, is the input voltage, and V,, is the output voltage.
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FIGURE 4. Equivalent operation states of SC converter based automotive LED driver. (a) State 1. (b) State 2. (c) State 3. (d) State 4. (e) State 5.

(f) State 6.

The voltage of the inductor L; can be derived as:

difs
s dlA = ULs ()

The inductor current iz; can be expressed as:

iLs (1) = \/g(Vm — Vo) sin (wo?) 3

The voltage of the capacitor C; is equal to the input voltage
Vin at time point f5,it can be written as:

Vestn) = Vi 4

The time #, could be derived by considering the
equation (4). It can be written as:

V.
h = \/LS X CSCZI"CCOS (ﬁ) (5)
o L

When the capacitor C; delivers its energy (at t = t4), the
energy of capacitor C can be expressed as:

1
Ec, (t3) = 5Ci x Vj, (6)

In State 4-State 6 (which is the second half of one switch-
ing cycle), the energy stored in the capacitor Cy is trans-
ferred to the subsequent LED lamps group and the filter

VOLUME 7, 2019

capacitor C,. Therefore, the average power transferred to
the output represented by P,, which corresponds to the very
power of the LED array. Based on the expression (6), the aver-
age output power P, could be obtained as:

Py =2Ec,(ts) xfs xn=Cs x VExfixn (7

where 7 is the efficiency of SC converter and f is the switch-
ing frequency.

Equation (7) represents the power of the LED lamp group.
It could also be written as:

P, =V, x Ipvg (8)

where I4y¢ is the average load current of the power LED.
The output voltage of the LED lamp can be derived as:

Vo = Viep + RiED X lavG 9

where Vigp is the forward voltage of the power LED, and
Rigp is the LED intrinsic series resistance.
Substituting (8) and (9) into (7), Cs could be written as:

Vo X L
C, = Lo X Tave (10)

Vi%lesxn
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FIGURE 5. Timing waveforms of SC converter based automotive
LED driver.

The 10% current ripple of Alrgp is set. As a result,C,
could be expressed as:

2
C, =
3Alep 27fs) Riep
There are two operation states for capacitor Cs:one is
the charge state, and the other is the discharge state. The

resistance of the charge loop and discharge loop could be
respectively written as:

(11)

Rco X R

Rch :Rsl +Rcs +Rd1 +RLs+Rd4+CO—Led (12)
Reo + Riea
Rco X RLed

Riis = R + Res + R + Rps + Raz + ———  (13)

Reo + Riea

where R.s, Reo, and Rpg are the equivalent series resis-
tance (ESR) of capacitor Cy, capacitor C, and inductor L;.
R, and Ry are the “‘on resistance’ of switches S; and S,
respectively. Ry1 ~ Rga are the ‘“‘on resistance” of
diodes di ~ dy.

In the charging period, switch S is ON while switch S,
is OFF. The power source transfers its energy to capacitor C;
during the constant on-time (7,,) period. The instantaneous
charging current of capacitor Cy is expressed as:

Vin - Vcs (t) - VLX (t) - Vo dVCS(charging)

Ien (t): Ron =Cs dt
¢

(14)

where Vi, () and Vi (t) are respectively the instantaneous
voltage of Cy and L.

In the discharging period, switch S, is ON, switch S
is OFF, capacitor Cy delivers its stored energy to the load in
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the T, time period. The instantaneous discharging current of
capacitor Cy is written as:

gy = LoD VO Vo o dVesdischarging

Ruis dt

15)

According to the charge balance principle of capacitor C,
the charge (Qcharge) of capacitor Cs during the charging
period is equal to the negative discharge (Qischarge) Of capac-
itor Cy during the discharging period. It abides by the follow-
ing equation:

Qcharge + Qdixcharge = Ien (1) Ton + Lais (t) Tojf (16)

Based on the equations (14) and (15), the charge Ocparge Of
capacitor Cs during the charging process of capacitor C; can
be expressed as:

Ton Ton V. — V. ()=Vi(t)=V
Ocharge :/ Iy () dt :/ in—Ves (1) —ViLs () ° 1t
0 0

Ren
(17)

What’s more, the discharge Qgischarge 0f capacitor Cy during
the discharging process can be written as:

T, Ves (1) —Vis (1)V,
—Qdischarge = / [ ais(D)dt = ( O Rdl." s

on

of
(18)

Submitting equations (17) and (18) into (16) and letting
a; = 1% and a; = ﬁ, the one switching cycle charge
balance of SC converter could be written as:

T()n
ai / (Vin - Vcs (t) - VLs (t) - Vo) dt
0
=ay (Ves (t) = Vis (1) = Vo) T~ (19)

As shown in equations (17)-(19), the real-time state of
charging current of capacitor Cy and the real-time state of
the discharging current of capacitor C are included in the
dynamic ampere-second balance model. As a result, the dis-
turbance in the input voltage and the perturbation in the load
current could be quickly rejected.

In the charging period, the instantaneous charging current
of charge loop I, (¢) is equal to the instantaneous current of
capacitor C;.It could be expressed as:

Vin - Vcs (t) - VLs (t) - Vo

Iep (1) =15 (1) = (20
Rch
Setting the reference current as:
Ves(t) — Vis(t)
Lo = (— (21
Rdis
What’s more, the load current could be written as:
\%
I, = ) (22)
Rdis

VOLUME 7, 2019
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The average discharging current, the reference current and
the load current have a relationship as:
_ Ves(t) — V() =V
Liis(t) = Iep — I, = = — (23)
Ruais
where I () is the instantaneous discharging current of
capacitor Cs.
Considering equations (22) and (23), the one switching
cycle charge balance equation (19) of SC converter could be
rearranged as:

T‘On
@ / Ies (1)dt = ax(s — 1) T 24)
0

The left part of equation (24) is the one cycle charge of
capacitor Cs. The right part of equation (24) is the one cycle
discharge of capacitor C;.

It is worthwhile mentioning that the equation (24) is the
key equation for the proposed VFCCC method in this paper.
The proposed VFCCC controller is constructed based on
equation (24).

During the time period (0-7,,,) of switch S,the following
equations could be derived as:

di
Vin = Ves + Lsd_l; + Ve (25)

. . av,
irs = ics = Cs dtCS (26)
VCS(O) = Vsmin (27)

Based on equations (25)-(27), the instantaneous voltage of
capacitor Cs could be derived as:

—_—

Ves 1) = (Vesmin — Vin + Vo) cos

t
L;C;

E

+ G —/_Lscs +Vin—Vo (28)
1

——the equation (28) could be rearranged as:

Asw, = LxCy

Vs (1) = (Vesmin — Vin + Vo) cos (wot)
+ Vo sin(wot) + Vip — Vo (29)

When w,t = 7 ,the maximum voltage of capacitor Cy
could be written as:

Vsmax = Vcs(t) Tan: Vin (30)

When switch S5 is turned on while switch S is turned off,
the energy stored in the capacitor C; will be transferred to the
filter capacitor C, and the load power LEDs array, the charge
balance of capacitor C; can be derived as:

(Ts — Ton) V.
Cs (Vesmax — Vesmin) = e (3D
Ris

The maximum voltage of capacitor C in one switching

cycle could be derived as:

T()n
Vesmax = f Vs (t) dt (32)
0

VOLUME 7, 2019

Considering equation (31), the equation (32) could be
rewritten as:

Vesmax = Vesmin — Vin + 2V0 + (Vin - Vo)Ton (33)

Submitting (33) into (31), the voltage gain of SC converter-
based automotive LED driver could be given as:

Vo 2
e () ()
where V is the voltage of a diode.

It can be seen from equation (34), the voltage gain ratio of
SC converter is regulated by control parameter TT":‘ At the
same time, the gain ratio will be affected by discharging loop
resistance Ryj; and the load resistance Ry .

When the SC converter works in the DCM, the inductor
of SC converter should satisfy the following equation:

1
Li< o
Q2mr x f5)° x Cy

The switching frequency of SC converter should abide the
operation range as:

1 [/ 1
0 — 36
<Js < 2\ Ly x Cy (36)

The SC converter will be properly controlled by the pro-
posed control technique with the key control equations (19)
and (24). It can be observed from equations (19) and (24),
based on the dynamic ampere-second balance modeling
method, the input voltage, instantaneous voltage of capaci-
tor Cy,instantaneous voltage of inductor Lg,average voltage
of capacitor Cs, output voltage of SC converter, current of
capacitor, reference current, load current, on time of the
transistor, and off time of the transistor are all included in this
model equation. It indicates that the closed-loop system will
instantaneously reject the disturbances in power source and
load by adjusting the switching frequency with the constant
on time as shown in [36]-[37]. The dynamic ampere-second
balance method in this paper is a dynamic modeling method.
As a result, the instantaneous states of different parameters
could be mirrored in this modeling method.

With the resettable integrator which will be presented in
the control circuit, the control decision of current switching
cycle is independent of the history states.

(34)

(35)

B. CONTROLLER TOPOLOGY

The controller circuit adopted in this paper is shown as Fig.6.
The timing waveforms for this configuration is presented in
Fig.7.According to the key control equation (24) and the
OCC controller, the proposed VFCCC controller is
constructed. The controller circuit for the VFCCC method
proposed in this paper and the controller in [36] is totally
different with each other. Compared with the CVFOCC
controller as shown in [36], the charge current of the capacitor
C; is directly injected into resettable integrator and the inte-
gration represents the charge of the capacitor C,. On the other
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FIGURE 7. Timing waveforms of proposed controller.

hand, the load current and the reference current are added
to the negative part of comparator and the summation repre-
sents the discharge of the capacitor Cy. The proposed con-
troller is composed of a comparator, a resettable integrator,
a D flipflop, a monostable multivibrator (which can pro-
duce the constant on time PWM signal), and some other
passive components. The two current sensors (Hall Effect-
Based Linear Current Sensor IC, ACS714ELCTR-20A-T)
for testing the instantaneous current of the capacitor C,; and
instantaneous current of the load current should be injected
into the SC circuit for the control circuit.

As the operation of switches S and S, are complementarily
with each other, switch S, must be turned off when switch S
is turned on, and vice versa. The control signals for switches
S1 and S have the relationship Us; = U_sz As the relationship
of U1 and Ujy,the only controlled signal is Uy in this paper.

It can be seen from Fig.6 and Fig.7, when the clock signal
arrives, the D flip-flop in Fig.6 is set high state (Q1 = 1,
Q1 = 0). The constant pulse width square signal Us1(Q> =
Usg = 1,00 = Uspy=Uyw; = 0) (which represents the

42100

Oscilloscope

FIGURE 8. Experimental setup for the proposed control method.

constant T,, time period) will be generated by monostable
multivibrator in Fig.6 at the time point of the falling edge of
QOp signal of D flip-flop. The control PWM signal U, will
turn on the switch Sy in Fig.3.While, the control PWM signal
Uw1 will maintain the resettable switch W (the resettable
switch of the integrator) off in Fig.6.As switch S, shares
the same control PWM signal of switch W] of the resettable
integrator, the switch S» in Fig.3 will be kept off during the
T,y time period. For T,, time period, the charging current of
capacitor Ci[l. ()] is continually integrated by the resettable
integrator. When T}, is over, the monostable multivibrator
will be reset low state (O = Uy = 0,0, =Ug =
Uw1 = 1). The resettable switch W; is ON. As a result,
the value of the integration in Fig.6 will be set zero at
this time point. The switch Sy in Fig.3 is turned on by the
control signal Uy,. During the T,y time period, if the neg-
ative discharge of capacitor Cs[—Qd,;Ycharge = ljis (DT =
a (I,ef - IO) T,4r] is equal to the charge amount of capacitor
Cy(Qcharge), the state of comparator in Fig.6 will be changed
from high to low. In one cycle, the charge balance of capacitor
C; is reached. The operation will repeat in the new switching
cycle. With the proposed control method, the external pertur-
bation will be rejected by adjusting the T, time period or the
switching frequency.

Fig.7 shows the timing waveforms of the proposed con-
troller. It can be seen from Fig.7 that, the falling edge
of Op signal of D flip-flop will trigger the monostable
multivibrator which will generate a constant pulse width
square signal Uy (Ug; = 1,Uw; = Usy = 0) (constant
T,y time period) for switch Sy in Fig.3. At the the same time
point, the resettable switch W} will be turned off. The charge
of capacitor Cs will be produced by integrating the charging
current of Cs [l (¢)] during T,, time period. As shown
in Fig.7, the state of comparator (Comp) in Fig.6 will change
from high to low when the negative discharge of capacitor
Cs(—=Quischarge) 18 €qual to the the charge of Cs (Qcharge)-
This time point is the end of T,y time period. The one
cycle charge balance of capacitor Cs is achieved. If the
D flip-flop outputs another falling edge of Qp signal, the
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FIGURE 10. Steady-state experimental waveforms of proposed control method controlled SC converter.

off and the resettable integrator in Fig.6 will work again
for the new switching cycle. It can be seen from Fig.7 that,
the control signal Uy for switch S| in Fig.3 has constant

monostable multivibrator will generates a new control signal
Ui (Us1 = 1, Uy = Usy = 0) (constant 7, time period)
for switch S| in Fig.3. The resettable switch W will be turned
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FIGURE 11. Comparison of dynamic response speed between the Pl control method and the VFCCC method with the adjustable

loads.

“on time” T,,. However, the switch S| will have a variable
T, to adjust switching frequency and to reject the external
disturbance. A SC converter could be regulated unless that
the ““on time” of a transistor is less than constant T = I%C
of charge loop of RLC circuit. In this paper, the operation
range of a SC converter will be widely extended by setting
the constant T, of switch S; much less than the time con-
stant T = ﬁ of RLC circuit which is composed of the
inductor L; and the capacitor Cy. By changing the Ty time
period of switch Sy,the regulation of SC converter could be
reached.

The external perturbation could be quickly rejected by
adjusting the T,y time period or switching frequency.
As shown in Fig.7, setting the load current /, and the refer-
ence current I,,¢ stable, if a voltage step-up function is hap-
pened in the power source, an increase will be immediately
occurred in the charging current of capacitor Cs[l. (1) =
%}VMM]. The monostable multivibrator will keep
T,n of switch S 1 constant. As a result, the charge of capacitor
Cs[Qcharge = fOT”" 1.5 () dt] will increase correspondingly
during the T,, time period. According to the charge balance
prinCiple of capacitor Cs (Qcharge = _Qdixcharge)a the Toff
will increase and the corresponding switching frequency will
decrease. While, if a voltage step-down function is happened
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in the power source, the T will decrease and the corre-
sponding switching frequency will increase.

As shown in Fig.7, setting the the input voltage V;, and
load current I, stable, the charge Qcparge 0f Cy during the T,
time period is maintained constant. According to the charge
balance principle (Qcharge = —Qdischarge)- if the reference
current /s rises, the Ty will decrease and the corresponding
switching frequency will increase. On the other hand, with the
decreased I,.r, Ty will increase the corresponding switching
frequency will decrease.

IV. EXPERIMENTAL VERIFICATION

In order to verify the accuracy of proposed control method
and the theory analysis, a 36W SC converter is built. This
SC convert works in the DCM. The input voltage range is
from 24V to 48V. The load current is adjusted from 3-6A. The
frequency of the clock signal for the D Flip-Flop is set SOkHz
(which is less than the resonant frequency of SC converter).
The two constant on time 7T,, values (Sus and 10us) are
adopted by setting the monostable multivibrator, respec-
tively. The dynamic and the steady state performance of the
proposed control method-controlled SC converter are both
tested. The dynamic response speed is compared with the
PI control method in the same operation condition.

VOLUME 7, 2019



L. Yang et al.: VFCCC Method for SC Converter-Based Automotive LED Driver

IEEE Access

Tek Prevu - I

1,:5A/div

Time Delay:4.6mS

e SA/div

][10.0ms 100ks /s 9 / J[ 27 May 2018]
10k points 0.00 4 16:35:09
V=24V It step-up 3-6A,P1
(2)

Tek Prevu I

S.004

I,:5A/div

R e o

LetSA/div lc—» Time Delay:4.5mS

9

Tek Prevu } 0
4
. A A A ]
- I5A/diy
b i e U e e P .
B : WTime Delay:0.5mS
S LerSAAiv
2t
10.0ms 100kS/s s 20 May 2018
@ 5.00 A ]{ 10k points 1154 J[ 22:08:42 }
Vin=24V I step-up 3-6A,VFCCC
(W]
Tek Prevu : 1T
1,:5A/div
LerSA/div

H‘l‘imc Delay:0.9mS

& 5004

10.0ms 100kS /s s 22 May 2018
10k points 3.104 16:37:08

Vin=24V I step-down 6-3A,PI

10.0ms 100kS/s 7 20 May 2018
& 5004 10k points 0.004 22:10:40

Vin=24V I, step-down 6-3A,VFCCC

FIGURE 12. Comparison of dynamic response speed between the Pl control method and the VFCCC method with the adjustable reference currents.

TABLE 1. Circuit parameters of SC converter based automotive led driver.

Circuit parameters Value/Type
Input voltage 24-48V
Load Current 0-6A
Inductor Lj 22uH
Capacitor C 47nF
Clock frequency 50kHz
Switches S; and S, IRF540
Diodes D;-D, MBR40100WT
Constant on time 7,,, Sus and 10us
Current Sensor (ACS714ELCTR-20A-T) +20A

The energy efficiency of SC converter is measured in differ-
ent power levels. The detailed parameters of SC converter
presented in this paper is shown in Table 1. The experi-
mental setup is shown in Fig.8.The intrinsic resistance and
the forward voltage of one LED adopted in this paper are
respectively 0.9Q2 and 3.15V. It adopts 6 LEDs as one LEDs
array and 12 LEDs as two LEDs arrays as shown in Fig.9. The
LEDs are parallel connected. The 5SW,750mA LED is used in
the experiment. The different load types could be changed by
changing the switch S. The LED dimming could be changed
by adjusting the reference current.

A. STEADY-STATE REGULATION
The steady-state experimental operating waveforms of the
output voltage, load current, and the current of inductor Lg
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are shown in Fig.10. The experiments are conducted under
the input voltage conditions 24V,36V and 48V, and the load
current conditions 3A and 6A with the constant on time 10us.
It can be seen from Fig.10, the load current, the output volt-
age, and the current of the inductor are kept stable in the oper-
ation process. With the variable input voltage, the target load
current (3A and 6A) is achieved with small current ripple.
The higher input voltage, the larger input current ripple will
occur. As shown in Fig.10, with the small value inductor in the
SC converter presented in this paper, the continuous input
current is achieved. The VFCCC controlled SC converter
shows the good load and line regulation properties.

B. DYNAMIC PERFORMANCE

The dynamical property of SC converter in handling load
current disturbance and the reference current perturbation
is investigated for both the PI control method (switching
frequency 50kHz,Kp = 0.4 and Kz = 100) and the
VFCCC method (the constant on time is 5Sus). As shown
in Fig.11, the reference current is kept stable and the
external disturbance is injected into the load current (the
load LEDs is switched from one array to two arrays).
It can be seen from Fig.11 that, for the same load current
(3A or 6A), with the proposed control method, the SC con-
verter provides much less response time at the transient
time point than the PI controlled SC converter. With the
proposed controller, the worst-case transient setting time of
SC converter is 1.1mS. As compared to the worst-case

42103



IEEE Access

L. Yang et al.: VFCCC Method for SC Converter-Based Automotive LED Driver

TABLE 2. Comparison with prior art.

Type of Efficiency . Response
. Control Method . Power Density Topology
LED Driver (Maximum) Speed
Paper [19] PI Control(Simple) 89.7% Medium Fast Medium
Variable inductor . . .
Paper [30] . / High Medium Simple
Control (Medium)
Paper [33] Open-loop (Simple) 83% High Slow Simple
Average current o .
Paper [35] control (Complex) 94.7% Low Fast Simple
This Work VFCCC(Medium) 97.4% High Fast Simple
Efficiency & Power Efficiency & Power
0.98 e 0.98
> 096 O\ 2’ 0.96
S \ 54 B
% 0.94 M »§ 0.94 -N,.'L—r*—-ﬁw, i
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FIGURE 13. Measured efficiency with the input voltage 24V,36V,and 48V
and variable output power (Ton = 5us).

operating condition of SC converter (Vi;, = 36V and
I, = 6A) with the PI controller, the proposed VFCCC
controlled SC converter takes about 15.9% of response time.
What’s more, with the proposed control method, the current
ripple of SC converter at the transient time point is less than
the PI controlled SC converter.

As shown in Fig.12,the load current and the input volt-
age are kept stable, the external perturbation is injected into
the reference current (the reference current is adjusted from
3-6A or from 6-3A, respectively).It can be seen from Fig.12,
the worst-case transient setting time of the VFCCC controlled
SC converter is 0.9mS at the condition Vi, = 24V and
Lier step-down 6-3A. While, with the PI control method, the
worst-case transient setting time is 4.5mS. As a result, for the
VFCCC method, the setting time is 20% that with the con-
ventional PI controller. It can be seen from the experimental
results, the proposed control method-controlled SC converter
presents the stable operation performance. The advantages
of using the proposed VFCCC method in achieving a fast-
dynamical response speed over a wide range of operating
conditions is demonstrated. The analysis of proposed control
method is verified. What’s more, the experimental results
match very well with the theory analysis.

C. EFFICIENCY

The efficiency of the proposed method controlled SC con-
verter is shown in Fig.13 and Fig.14.The efficiency data is
achieved with the constant on time Sus and 10us, respectively.
In combination with the proposed control method, the tested
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FIGURE 14. Measured efficiency with the input voltage24V,36V,and 48V
and variable output power (Ton = 10us).

SC converter works under different power levels by adjusting
the reference current. In the limited range of SC converter in
this paper, the peak efficiency is 97.41% at 3W with the input
voltage 36V and the constant on time Sus as shown in Fig.13.
With the increasing load current, the efficiency will decrease.
It is caused by the higher switching loss and higher input
current ripple. The energy losses including the switching
loss and the parasitic loss of the circuit. By optimizing the
topology of SC converter and utilizing the wide-band gap
devices, the efficiency of the proposed SC converter could
be further improved in the future work.

The comparison with prior art is shown in Table 2. With the
proposed control method, the SC converter-based LED driver
provides the good performance such as the high efficiency,
high power density and fast-dynamical response speed with
the simple topology.

V. CONCLUSIONS AND DISCISSONS

This paper proposes a VFCCC method for SC converter-
based automotive LED driver. Compared with the inductor-
based DC-DC converter used for LED driver, the SC con-
verter could provide higher power density, lower price, and
simpler topology. In combination with the proposed control
method, the external disturbance of SC converter could be
rejected by adjusting switching frequency with the constant
on time. It provides fast-dynamical response speed with good
regulation. The dimming of LEDs could be changed by just
adjusting the reference current. The accuracy and feasibility
of proposed controller are demonstrated by the experimental
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results. This control method is a general control method.
It could be used for different power levels and different
topologies of SC converters. It could facilitate the application
of SC converter-based automotive LED drivers, especially for
the LEDs applications of electric vehicle.
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