
12834 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 10, OCTOBER 2023

Small Signal Modeling and Transient
Cross-Regulation Analysis of

Peak-Current-Mode-Controlled
SIDO Buck LED Driver

Yao Wang , Jianping Xu , Member, IEEE, Zhangyong Chen , and Fuban Qin

Abstract—Single-inductor dual-output (SIDO) dc–dc converter
has been applied to light-emitting diode (LED) drivers with its ad-
vantages of small volume and low cost. Peak-current-mode (PCM)
control of the SIDO converter has the advantages of fast transient
performance and suppressed cross-regulation. A PCM-controlled
SIDO buck LED driver to achieve independent dimming and to
eliminate the steady-state cross-regulation is proposed in this ar-
ticle. The circuit and the principle of the PCM-controlled SIDO
buck LED driver are presented, and its small signal model is es-
tablished based on inductor current ripple. Furthermore, based on
control-to-output loop gain transfer functions, control parameters
of PCM-controlled SIDO buck LED driver are designed to achieve
independent output current regulation of each LED driver. Besides,
cross-regulation transfer functions are obtained to investigate the
effect of reference signals and control parameters on the transient
cross-regulation. Moreover, the effect of capacitor parameters on
the stability of the LED driver is analyzed based on the bifurcation
diagram. Finally, experimental results are provided to show the
independent dimming capability of PCM-controlled SIDO buck
LED driver with designed parameters, and the validity of the
theoretical analysis on transient cross-regulation and stability of
the LED driver.

Index Terms—Light-emitting diode (LED) driver, peak-current-
mode (PCM), single-inductor dual-output (SIDO), small signal
model, transient cross-regulation.

NOMENCLATURE

vi Input voltage.
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C1, C2 Output capacitors of output 1 and output 2.
i1, i2 Output currents of output 1 and output 2.
v1, v2 Output voltages of output 1 and output 2.
Rd1, Rd2 Equivalent resistors of LED1 and LED2.
Vd Forward voltages of LED1 and LED2.
T Switching cycle.
rs Sensed resistor of inductor current.
rs1, rs2 Sensed resistors of output current i1 and i2.
Vg1, Vg2 Control signals of power switch S1 and S2.
d1, d2 Duty cycles of control signal Vg1 and Vg2.
iref1, iref2 Reference signals of output current i1 and i2.
vc1, vc2 Amplified error voltages by PI1 and PI2.
k1, k2, k3 Inductor current slopes in switch mode I, II, and

III.
kp1, ki1 Proportional and integral coefficients of PI1.
kp2, ki2 Proportional and integral coefficients of PI2.
Aj, Bj Coefficient matrixes of the state equation.
A, B Coefficient matrixes of the state-space averaging

model.
îL Small signal variable of inductor current.
î1, î2 Small signal variables of output current.
v̂1, v̂2 Small signal variables of output voltage.
d̂1, d̂2 Small signal variables of duty cycle.
îref1, îref2 Small signal variables of reference signal.
Gî1/d̂1

(s) Open-loop control-to-output transfer function of
output 1 (d1 to i1).

Gî2/d̂2
(s) Open-loop control-to-output transfer function of

output 2 (d2 to i2).
GîL/d̂1

(s) Open-loop control-to-inductor current transfer
function (d1 to iL).

GîL/d̂2
(s) Open-loop control-to-inductor current transfer

function (d2 to iL).
Gd̂1/îref1

(s) Reference-to-control transfer function of output

1 (̂iref1 to d̂1).
Gd̂2/îref2

(s) Reference-to-control transfer function of output

2 (̂iref2 to d̂2).
Gd̂1/îL

(s) Inductor current-to-control transfer function (̂iL

to d̂1).
Gd̂2/îL

(s) Inductor current-to-control transfer function (̂iL

to d̂2).
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Gd̂1/î1
(s) Output-to-control transfer function of output 1

(̂i1 to d̂1).
Gd̂1/î2

(s) Output-to-control transfer function of output 2

(̂i2 to d̂1).
Gd̂2/î1

(s) Output-to-control transfer function of output 1(̂i1

to d̂2).
Gd̂2/î2

(s) Output-to-control transfer function of output 2

(̂i2 to d̂2).
T1(s) Control-to-output loop gain transfer function of

output 1 (d̂1 to î1).
T2(s) Control-to-output loop gain transfer function of

output 2 (d̂2 to î2).
Gî1/îref2

(s) Cross-regulation transfer function of output 1

(̂iref2 to î1).
Gî2/îref1

(s) Cross-regulation transfer function of output 2

(̂iref1 to î2).
fc Cross-over frequency of T1(s) and T2(s).
Δi1, Δi2 Output current ripples of i1 and i2.

I. INTRODUCTION

COMPARED with other illumination types, light-emitting
diode (LED) has the advantages of high efficiency, long

lifetime, flexible color mixing, and energy saving. Therefore,
LED has been widely used in the lighting industry, such as
general lighting, decorative lighting, vehicle lighting, display
backlighting, and so on [1], [2]. Due to the power limitation of a
single LED, series/parallel configuration LED string are usually
utilized to extend the power range to meet the requirement of
high-power applications. A typical parallel configuration of an
LED driver with independent-converter architecture, as shown
in Fig. 1, is widely used due to its advantage of constant and
independent current regulation of each LED string [3], [4], [5].
However, such a parallel configuration increases the circuit vol-
ume and the cost due to the extra components, such as inductors
and switches, thus decreases the power density of the LED driver.

For the LED driver of parallel LED string, it is important to
reduce its volume and cost [6], [7], [8]. Single-inductor multiple-
output (SIMO) converter with only one inductor has been used
in portable devices. It can provide multiple outputs with small
circuit volume and low cost. SIMO converter has also attracted
much attention in multiple-output LED drivers. The system
architecture of the SIMO LED driver is shown in Fig. 2, which
is simple, and the number of inductors is significantly decreased.

SIMO converter has three operation modes: discontinuous
conduction mode (DCM), pseudocontinuous conduction mode
(PCCM), and continuous conduction mode (CCM). The DCM
SIMO converter usually operates in light load due to the large
current and voltage ripple in heavy load. The CCM SIMO
converter can achieve low ripple and high efficiency. However,
as one inductor is shared by multiple outputs, load variation of
one output of the CCM SIMO converter may cause steady-state
and transient cross-regulation on other outputs [9]. The PCCM
SIMO converter is implemented to overcome the shortcoming
of DCM SIMO converter and CCM SIMO converter. However,

Fig. 1. System architecture of a traditional multiple-output LED driver.

Fig. 2. System architecture of a single-inductor multiple-output LED driver.

the PCCM SIMO converter suffers reduced efficiency due to an
additional freewheeling switch [10]. Up to now, only DCM and
CCM SIMO converters have been applied to the multiple-output
LED driver, in which ripple and cross-regulation issues still exist
for the SIMO LED driver.

The time-multiplexing (TM) scheme has been widely applied
to the DCM SIMO LED driver. The average current mode control
with a TM scheme for a SIMO boost LED driver is proposed
in [1]. This scheme optimizes local bus voltage for power loss
reduction and offers flexible dimming for backlighting opera-
tions. A quasi-hysteretic finite-state-machine-based digital con-
trol with a TM scheme is used for a single-inductor dual-output
(SIDO) buck LED driver, which reduces the complexity of
the controller design by eliminating loop compensation, and
can drive more LED strings without limit by the maximum
LED current rating [8]. A capacitor-free SIDO LED driver with
integrated laterally double-diffused metal-oxide semiconductor
(LDMOS) is addressed in [11], which shows the excellent char-
acteristics of the LDMOS in the SIMO application. In these
studies, a single time-shared control loop is employed for aver-
age current regulation in multiple parallel LED strings, resulting
in current balance error and steady-state cross-regulation.

A single-stage ac/dc SIMO LED driver in DCM is proposed
in [3], which presents the voltage mode (VM) control with a
TM scheme to achieve a high power factor and independent
current control of each LED string. In addition, the independent
VM–TM control for each LED string eliminates the steady-state
cross-regulation. However, the inductor current ripple and the
output current ripple are serious. Based on coordinating a string-
level scheme and a system-level dimming scheme, a DCM SIMO
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buck LED driver is proposed to improve dimming precision and
extend the dimming range [4]. The steady-state cross-regulation
is also eliminated with independent control. Nevertheless, the
dimming switches inserted in individual LED channels result in
overshoot current and low efficiency.

To improve the efficiency and to suppress the steady-state
cross-regulation, the average current correction technique with
TM for the CCM SIMO buck LED driver is presented in [12].
A TM control CCM SIMO boost LED driver is proposed to
drive multiple channel LEDs with equal currents and brightness
for display backlight applications [13]. It is worth noting that
the mentioned driver does not utilize serially inserted current
regulation elements in individual LED channels, thus it has
high efficiency. A CCM SIMO LED driver is applied for a
three-color LED lighting system [6]. The average current con-
trol technique independently controls the LED driver, which
has small steady-state cross-regulation. A current-source-mode
SIMO LED driver with a single voltage control loop is proposed
to have an independent dimming function and to eliminate
steady-state cross-regulation [14]. In these studies, although the
steady-state cross-regulation is eliminated, the dimming control
of each LED string results in interference in the average current
of different LED strings. Thus, the LED driver still exists in
transient cross-regulation.

The research for CCM SIMO converter shows that the tran-
sient cross-regulation can be suppressed by digital control [15],
[16], decouple control [17], [18], and ripple-based control tech-
niques [9], [19]. However, digital control and decouple control
techniques require a considerable computation burden, while
the ripple-based control techniques, which have a fast transient
response and simple structure, can significantly suppress the
transient cross-regulation. Current-mode dual-loop ripple con-
trol is proposed to suppress transient cross-regulation for the
SIDO boost converter under different inductor current trends
and switch sequences [20]. It shows that peak-current-mode
(PCM) control is one of the ripple-based control techniques with
advantages of simple structure, fast transient performance, and
reduced cross-regulation.

In view of the aforementioned issues, this article designs a
parallel LED string driver for the SIDO buck LED driver with
PCM control. The proposed PCM-controlled LED driver has
the advantages of small volume and low cost due to the reduced
number of inductors. With two independent PCM control loops,
the independent dimming capability is achieved to eliminate
the steady-state cross-regulation. The inductor current operates
in CCM. Thus, the driver has a small ripple. In addition, the
small signal model of the PCM-controlled SIDO buck LED
driver is established for the design of control parameters and
for the analysis of the transient cross-regulation. The effect of
the transient cross-regulation with different reference signals
iref2 and control parameters kp1 and kp2 of this LED driver are
summarized. Furthermore, the effect of capacitor parameters on
the stability and the efficiency of this LED driver is analyzed.

The paper is organized as follows. Section II presents the
circuit configuration and the operation principle of the PCM-
controlled SIDO Buck LED driver. Section III investigates
the small signal model, control-to-output loop gain transfer

Fig. 3. Circuit configuration of a PCM-controlled SIDO buck LED driver.

functions, and cross-regulation transfer functions of the PCM-
controlled SIDO Buck LED driver. Besides, the design of
the control parameters and the analysis of the transient cross-
regulation based on these transfer functions are presented. Based
on the bifurcation diagram, the effect of capacitor parameters
on the stability of this LED driver is analyzed. Section VI
gives experimental results to demonstrate theoretical analysis,
followed by the conclusion in Section V.

II. PCM-CONTROLLED SIDO BUCK LED DRIVER

A. Circuit Configuration

The circuit configuration of the PCM-controlled SIDO buck
LED driver is shown in Fig. 3, including the power stage circuit
and PCM control circuit. The power stage circuit consists of
an input voltage source vi, an inductor L, two power switches
S1 and S2, two diodes D1 and D2, two capacitors C1 and C2,
and two LED strings LED1 and LED2, which are, respectively,
equivalent to a series connection of an ideal diode Dd, a voltage
source with forward voltage Vd, and an equivalent resistor Rd1

or Rd2 [2]. It should be noted that the mentioned components
are ideal to simplify the analysis.

The two LED strings are regarded as output 1 and output
2 of the LED driver with output currents of i1 and i2. To
guarantee the conduction of the power switch S2 and diode D2

are complementary, i.e., when S2 is turned ON, D2 is turned
OFF, it should have i1 > i2. When the diode D2 is replaced by
a power switch S, the studied LED driver can operate normally
at any conditions of i1 > i2, i1 < i2, and i1 = i2. However, it
requires a driver circuit of the power switch S and a NOT gate,
which increases the LED driver’s cost and volume.

The PCM control circuit is composed of two PCM control
loops with an inductor current sensed resistor rs, two output
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Fig. 4. Control timing and operating modes of the PCM-controlled SIDO buck
LED driver. (a) Control timing. (b) Operating modes.

current sensed resistors rs1 and rs2, two amplifiers AM1 and
AM2, two PI regulators PI1 and PI2, two comparators CM1 and
CM2, two RS triggers RS1 and RS2, and one clock signal clk.
Control signals Vg1 and Vg2 are generated by these two control
loops. Duty cycles d1 and d2 correspond to Vg1 and Vg2. Power
switch S1 and diode D1 are used to control the input power by
adjusting duty cycle d1. Power switch S2 and diode D2 are used
to control the power distribution from input to two outputs by
adjusting duty cycle d2.

B. Operation Principle

Fig. 4(a) shows the control timing of the PCM-controlled
SIDO buck LED driver with d1 > d2. As shown in Figs. 3 and
4(a), power switches S1 and S2 are turned ON by clk signal at the
beginning of each switching cycle, and sensed inductor current
rsiL increases linearly with the slope of k1. The output currents i1
and i2 are sampled by sensed resistors rs1 and rs2, and compared
with reference signals of iref1 and iref2 to generate error voltages

of ve1 and ve2 by using AM1 and AM2, respectively. These
error voltages are amplified and compensated by PI1 and PI2 to
generate control voltages vc1 and vc2. Then, rsiL is compared
with vc1 and vc2 by CM1 and CM2, respectively, to generate
turn-OFF signals of power switches S1 and S2, i.e., when rsiL
increases to vc2, S2 is turned OFF and rsiL keeps increasing
linearly with the slope of k2. In contrast, when rsiL increases
to vc1, S1 is turned OFF and rsiL decreases linearly with the
slope of k3.

Fig. 4(b) shows three operating modes corresponding to this
control timing as follows:

Mode I: Power switches S1 and S2 are turned ON, and diodes D1

and D2 are turned OFF. Sensed inductor current rsiL increases
with the slope k1.

Mode II: Power switch S2 is turned OFF, D2 is turned ON, S1
keeps ON, and D1 keeps OFF. Sensed inductor current rsiL
increases with the slope k2.

Mode III: Power switch S2 is turned OFF, diode D2 is turned ON,
S1 keeps OFF, and D1 keeps ON. Sensed inductor current rsiL
decreases with the slope −k3 until the beginning of the next
switching cycle.

The slopes k1, k2, and k3 are given as follows:

k1 = (vi − Vd −Rd2i2)/L,

k2 = (vi − Vd −Rd1i1)/L,

k3 = (Vd +Rd1i1)/L. (1)

III. SMALL SIGNAL MODELING FOR PCM-CONTROLLED SIDO
BUCK LED DRIVER

In order to design control parameters and to investigate the
transient cross-regulation of the PCM-controlled SIDO buck
LED driver, a small signal model of the studied driver is es-
tablished.

A. Small Signal Modeling for SIDO Buck LED Driver

Defining the state variable vector of SIDO buck LED driver
as x = [iLv1v2]

T and the input variable vector as v = [vivd]
T,

where v1 and v2 denote the output voltages of LED1 and LED2,
respectively. The state equation of the SIDO buck LED driver
for each operating mode is given as follows:

ẋ =

⎧⎨
⎩
A1x+B1v, nT ≤ t < nT + d2T
A2x+B2v, nT + d2T ≤ t < nT + d1T
A3x+B3v, nT + d1T ≤ t < (n+ 1)T

(2)

Where T is the switching cycle; d2T, (d1−d2)T, and (1−d1)T
are the durations of switch mode I, II, and III, respectively. The
coefficient matrixes Aj and Bj (j = 1, 2, 3) are obtained as
follows:

A1 =

⎡
⎣ 0 0 − 1

L
0 − 1

Rd1C1
0

1
C2

0 − 1
Rd2C2

⎤
⎦ ,
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A2 = A3 =

⎡
⎣ 0 − 1

L 0
1
C1

− 1
Rd1C1

0

0 0 − 1
Rd2C2

⎤
⎦ ,

B1 = B2 =

⎡
⎣

1
L 0

0 − 1
Rd1C1

0 − 1
Rd2C2

⎤
⎦ ,

B3 =

⎡
⎣ 0 0

0 − 1
Rd1C1

0 − 1
Rd2C2

⎤
⎦ .

The state-space averaging model can be expressed as

ẋ = Ax+Bv (3)

where A = d2A1 − d2A2 +A3 and B = d1B1 +B3 −
d1B3, i.e.,

A =

⎡
⎣ 0 − 1

L (1− d2) − 1
Ld2

1
C1

(1− d2) − 1
Rd1C1

0
1
C2

d2 0 − 1
Rd2C2

⎤
⎦ ,

B =

⎡
⎣

1
Ld1 0
0 − 1

Rd1C1

0 − 1
Rd2C2

⎤
⎦ .

When small signal perturbations of îL, v̂1, v̂2, d̂1, and d̂2 are
applied to the variables of the state-space averaging model in
(3), the small signal model of the SIDO buck LED driver can be
obtained as⎧⎪⎨
⎪⎩
îL = 1

sL [−(1−D2)v̂1 −D2v̂2 + Vid̂1 + (V1 − V2)d̂2]

v̂1 = 1
sC1

[(1−D2)̂iL − ILd̂2 − v̂1

Rd1
]

v̂2 = 1
sC2

(D2îL − v̂2

Rd2
+ ILd̂2)

(4)
where the variables denoted with capital letter are the dc steady-
state variables.

It can be known from Fig. 3 that the output variables î1 and
î2 can be written as

î1 =
v̂1
Rd1

, î2 =
v̂2
Rd2

. (5)

According to (4) and (5), the block diagram of the small signal
model of the SIDO buck LED driver can be established, as shown
in Fig. 5, where d̂1 and d̂2 are chosen by the PCM control circuit.

B. Small Signal Modeling for PCM Controlled SIDO Buck
LED Driver

As shown in Fig. 3, the control voltages vc1 and vc2 can be
written as follows:

vc1 =

(
kp1 +

ki1
s

)
(iref1 − rs1i1) (6)

vc2 =

(
kp2

+
ki2
s

)
(iref2 − rs2i2) (7)

Fig. 5. Block diagram of a small signal model of SIDO buck LED driver.

where kp1 and ki1 indicate the proportional and integral co-
efficients of PI1, respectively. In addition, kp2 and ki2 are the
proportional and integral coefficients of PI2, respectively.

According to the steady-state waveform of the inductor cur-
rent shown in Fig. 4(a), the following relationships are obtained:

vc2 − rsiL = k1d2T − rsīL (8)

vc1 − rsiL = k1d2T + k2(d1 − d2)T − rsīL (9)

k1d2 + k2(d1 − d2) =k3(1− d1) (10)

where rsīL represents the average value of shadow region of
rsiL in Fig. 4(a), which is expressed by

rsīL =
T

2

× (k1d2 − k2d2 + k2d1 + k1d1d2 − k2d1d2 + k2d
2
2 − k1d

2
2).

(11)

Combine (8), (10), and (11), it gives

vc2 − rsiL =
T

2(k2 + k3)
(k21d

2
2 − k1k2d

2
2 + k1k3d

2
2

− k2k3d
2
2 + 2k1k2d2 + 2k2k3d2 − k2k3). (12)

Similarly, combine (9) to (11), there is

vc1 − rsiL =
T

2(k1 − k2)
(k1k2d

2
1 + k1k3d

2
1 + k23d

2
1 + k2k3d

2
1

− 2k1k3d1 − 2k23d1 + k1k3 − k2k3 + k23). (13)

From (1), (6), (7), (12), and (13), there are

d̂1 = Gd̂1/îref1
(s)̂iref1 +Gd̂1/îL

(s)̂iL +Gd̂1/î1
(s)̂i1

+Gd̂1/î2
(s)̂i2 (14)

d̂2 = Gd̂2/îref2
(s)̂iref2 +Gd̂2/îL

(s)̂iL +Gd̂2/î1
(s)̂i1

+Gd̂2/î2
(s)̂i2 (15)

where Gd̂1/îref1
(s)= α1

δ1
and Gd̂2/îref2

(s)= β1

δ2
are reference-

to-control transfer functions; Gd̂1/îL
(s) = α2

δ1
and Gd̂2/îL

(s) =
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TABLE I
OPEN-LOOP TRANSFER FUNCTIONS OF THE PCM-CONTROLLED SIDO BUCK LED DRIVER

β2

δ2
are inductor current-to-control transfer functions; Gd̂1/î1

(s) = α3

δ1
and Gd̂1/î2

(s) = α4

δ1
are output-to-control transfer

functions; Gd̂2/î1
(s) = β3

δ2
and Gd̂2/î2

(s) = β4

δ2
are output-to-

control transfer function, with

α1 =
2

T
(K2 −K1)

(
kp1 +

ki1
s

)
, α2 = − 2

T
(K2 −K1)rs,

α3 =
2

T

{
(K2 −K1)

(
kp1 +

ki1
s

)
rs1 +

Rd1

2L

[2(Vc1 − rsIL)− [(K2 +K3)D
2
1

−(2K1 + 4K3)D1 +K1 −K2 + 3K3]T ]} ,

α4 =
Rd2

TL

× {2(Vc1 − rsIL)− [(K2 +K3)D
2
1 − 2K3D1 +K3]T},

β1 =
2

T
(K2 +K3)

(
kp2 +

ki2
s

)
, β2 = − 2

T
(K2 +K3)rs,

β3 =
Rd1

L

[
(−2K1 +K2 −K3)D

2
2

+ 2 (K1 −K2 +K3)D2 +K2 −K3] ,

β4 =
Rd2

L
(2K1D

2
2 −K2D

2
2 +K3D

2
2 + 2K2D2)

− 2rs2
T

(K2 +K3)

(
kp2 +

ki2
s

)
,

δ1 = 2(−K1K2D1 −K1K3D1 −K2K3D1

−K2
3D1 +K1K3 +K2

3 ),

δ2 = 2(K2
1D2 −K1K2D2 +K1K3D2

−K2K3D2 +K1K2 +K2K3),

D1 =
i1

i1 + i2
, D2 =

i2
i1 + i2

.

From (14) and (15), and the small signal model of the SIDO
buck LED driver in Fig. 5, the block diagram of a small signal

Fig. 6. Block diagram of a small signal model of the PCM-controlled SIDO
buck LED driver.

model of the PCM-controlled SIDO buck LED driver is shown
in Fig. 6.

C. Transfer Functions

There are two controlled switches and two outputs for the
SIDO buck LED driver. According to (4) and (5), two open-loop
control-to-output transfer functions of the SIDO buck LED
driver can be obtained by (16a) and (16b) as given in Table I,
where Gî1/d̂1

(s) and Gî2/d̂2
(s) denote the control-to-output

transfer functions of output 1 and output 2, respectively. Sim-
ilarly, the open-loop control-to-inductor current transfer func-
tions can be obtained by (17a) and (17b) as given in Table I.
These functions are used to design control parameters by ob-
taining loop gain transfer functions.

With Gd̂1/îL
(s), Gd̂2/îL

(s), Gd̂1/î1
(s), Gd̂2/î2

(s), and the
transfer functions given in Table I, the block diagram of control-
to-output loop gain transfer functions T1(s) of d̂1 to î1 and T2(s)
of d̂2 to î2 are established, as shown in Fig. 7 and 8, respectively,
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Fig. 7. Transfer function block diagram of T1(s).

Fig. 8. Transfer function block diagram of T2(s).

which can be represented as follows:

T1(s) =
Gî1/d̂1

(s)Gd̂1/î1
(s)

1−GîL/d̂1
(s)Gd̂1/îL

(s)
(18a)

T2(s) =
Gî2/d̂2

(s)Gd̂2/î2
(s)

1−GîL/d̂2
(s)Gd̂2/îL

(s)
. (18b)

In Figs. 5 and 6, the cross-regulation transfer functions
Gî1/îref2

(s) and Gî2/îref1
(s) of output 1 and output 2 are given

in (19a) and (19b), as listed in Appendix, respectively.
Therefore, (16)–(18) serve as a basis for the design of control

parameters, and (19) provides a basis for analyzing the transient
cross-regulation.

D. Design of Control Parameters

In this article, LED1 and LED2 are selected as XLamp MC-E
white LED. According to the I-V characteristic of this type of
LED, forward voltages of LED1 and LED2 are Vd = 2.7 V, and
equivalent resistors of LED1 and LED2 are Rd1 = 1.25 Ω and
Rd2=1.5Ωunder output currents i1=600 mA and i2=200 mA.
Table II lists the rated circuit parameters of the PCM-controlled
SIDO buck LED driver.

The open-loop control-to-output transfer function of output
1 can be rewritten with s = jω, where ω = 2πf . According to
[2] and [21], the desired cross-over frequency of the LED driver
is usually in the range of [1/(20T), 1/(10T)]. This article selects
the desired cross-over frequency of the PCM-controlled SIDO
buck LED driver as fc = 1/(10T) = 5 kHz. Regarding Table II,
at fc = 5 kHz, the magnitude of Gî1/d̂1

(s) is

20 lg
∣∣∣Gî1/d̂1

(jωc)
∣∣∣ = −12 dB. (20a)

TABLE II
PARAMETERS OF PCM-CONTROLLED SIDO BUCK LED DRIVER

Fig. 9. Bode plots of control-to-output loop gain transfer functions. (a) T1(s).
(b) T2(s).

Similarly, at fc = 5 kHz, the magnitude of Gî2/d̂2
(s) is

20 lg
∣∣∣Gî2/d̂2

(jωc)
∣∣∣ = −28 dB. (20b)

The results of (20) show that the studied driver is unstable.
According to (20), PCM control should compensate a gain of

12 dB for Gî1/d̂1
(jωc) and 28 dB for Gî2/d̂2

(jωc) of the SIDO
buck LED driver to obtain a unity loop gain at fc = 5 kHz. After
compensation for PCM control, magnitudes of T1(s) and T2(s)
are 0 dB at fc = 5 kHz, which means

20 lg |T1(s)| = 20 lg |T1(jωc)| = 0 dB (21a)

20 lg |T2(s)| = 20 lg |T2(jωc)| = 0 dB. (21b)

According to time-domain simulation and (21), ki1 and ki2
can be calculated as ki1 = 80.6 and ki2 = 833, respectively, by
choosing kp1 = 1 and kp2 = 25.

According to (16) and (18), the bode plots of the open-loop
control-to-output transfer function Gî1/d̂1

(s) and control-to-
output loop gain transfer function T1(s) are shown in Fig. 9(a).
In addition, the bode plots of the open-loop control-to-output
transfer function Gî2/d̂2

(s) and control-to-output loop gain
transfer function T2(s) are shown in Fig. 9(b), where dotted lines
represent amplitude-frequency and phase-frequency curves of
open-loop control-to-output transfer functions, and solid lines
indicate amplitude-frequency and phase-frequency curves of
control-to-output loop gain transfer functions.

The system is stable if the total phase shift around the loop at
the cross-over frequency fc is less than 360 deg and larger than
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Fig. 10. Bode plots of cross-regulation transfer functions. (a) Gî1/îref2
(s)

and Gî2/îref1
(s). (b) Gî1/îref2

(s) with different iref2.

Fig. 11. Bode plots of cross-regulation transfer functions. (a) Gî1/îref2
(s)

with different kp1. (b) Gî1/îref2
(s) with different kp2.

45 deg. It can be seen in Fig. 9(a) and (b) that the magnitudes
of Gî1/d̂1

(s) and Gî2/d̂2
(s) are −12 and −28 dB, and the

magnitudes of T1(s) and T2(s) are 0 dB at fc = 5 kHz, which are
corresponding to (20) and (21), respectively. Additionally, the
phase margins of T1(s) and T2(s) are 75 deg and 78 deg at fc =
5 kHz, respectively, indicating that the PCM-controlled SIDO
buck LED driver with the designed control parameters is stable.

E. Transient Cross-Regulation Analysis

Transient cross-regulation of the proposed PCM-controlled
SIDO buck LED driver is investigated with bode plots based on
the established small signal model presented in Fig. 6. With
control parameters and circuit parameters listed in Table II,
the bode plots of Gî1/îref2

(s) and Gî2/îref1
(s) are given in

Fig. 10(a), in which the dotted lines and solid lines denote the
amplitude-frequency and phase-frequency curves ofGî1/îref2

(s)

and Gî2/îref1
(s) in the frequency domain, respectively. As can

be seen in Fig. 10(a), the low-frequency gain of Gî1/îref2
(s) and

Gî2/îref1
(s) are−98 and−74 dB at f= 5 Hz, respectively. These

results are consistent with analysis results, which are calculated
as 20 lg |Gî1/îref2

(jω)| = −98 dB and 20 lg |Gî2/îref1
(jω)| =

−74 dB.
Furthermore, the bode plots of Gî1/îref2

(s) with iref2 = 1.2,
0.9, and 0.6, corresponding to i2 = 400, 300, and 200 mA,
respectively, are given in Fig. 10(b). As shown in Fig. 10(b),
smaller iref2 corresponds to smaller low-frequency gain. It indi-
cates that a smaller transient cross-regulation is generated from
output 2 to output 1.

The bode plots of Gî1/îref2
(s) with different kp1 (kp1 = 0.2,

0.5, and 1) are given in Fig. 11(a). As shown in Fig. 11(a),

Fig. 12. Bifurcation diagram of iL with respect to capacitor parameters.
(a) C1 � [110 µF, 146 µF]. (b) C2 � [22 µF, 220 µF].

the larger the kp1, the smaller the low-frequency gain in the
bode plot. It means that a smaller transient cross-regulation is
generated from output 2 to output 1.

Similarly, the bode plots of Gî1/îref2
(s) with different kp2

(kp2 = 25, 50, and 100) are given in Fig. 11(b). As shown in
Fig. 11(b), the low-frequency gains ofGî1/îref2

(s) are almost the
same with different kp2, which means that kp2 does not affect
the transient cross-regulation of the LED driver.

F. Effect of Capacitor Parameters on Stability

According to the stability analysis method in [22] and [23],
the bifurcation diagrams of iL versus capacitor parameters C1

and C2 are given in Fig. 12.
In Fig. 12(a), when C1 varies from 110 to 146 μF, the stable

range of C1 is from 127 to 146 μF. In the case of 124 μF < C1

< 127 μF, the period-2 is presented. In the case of 110 μF < C1

< 124 μF, the multiple-period and chaos occur. The period-2,
multiple-period, and chaos are unstable phenomena. Thus, to
guarantee the stability of the studied LED driver, the minimum
value of C1 is 127 μF, and other circuit parameters have rated
values. In Fig. 12(b), when C2 changes from 22 to 220 μF, the
inductor current iL is always in the period-1, presenting that C2

has no effect on the stability of the studied LED driver.

IV. EXPERIMENTAL RESULTS

A. Experiment Setup

The experimental setup is carried out in this section to verify
the analysis results. The experimental hardware prototype and
laboratory setup of the PCM-controlled SIDO buck LED driver
is shown in Fig. 13, with the main components of the prototype
are listed in Table III.

B. Experimental Verification for Operation Principle

Fig. 14 illustrates experimental waveforms of the control
timing and steady-state waveforms of input voltage and output
currents.

In Fig. 14(a), the waveforms from top to bottom are inductor
current iL, clock signal clk, control signal Vg2 of S2, and control
signal Vg1 of S1. When clk is triggered in a switching cycle,
Vg1 and Vg2 have high levels, and iL increases. Then, Vg2 has a
low level, and iL increases. Finally, Vg1 has a low level, and iL
decreases. This corresponds to the theoretical analysis.
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Fig. 13. Photographs of experimental hardware prototype and laboratory setup
of the proposed converter. (a) Hardware prototype. (b) Laboratory setup.

TABLE III
MAIN COMPONENTS ADOPTED IN HARDWARE PROTOTYPE

In Fig. 14(b), the waveforms from top to bottom are output
currents i1, i2, and input voltage vi, which are zoomed by a
separate picture with a time scale of 100 μs. It can be seen when
vi = 10 V, i1 = 600 mA, and i2 = 200 mA, which agree with
the rated parameters. The current ripples of i1 and i2 are Δi1 =
40 mA and Δi2 = 20 mA, respectively.

Similarly, Fig. 14(c) shows the waveforms with vi = 10 V, i1
= 600 mA, and i2 = 500 mA, in which i2 is close to i1. The
current ripples of i1 and i2 are Δi1 = 30 mA and Δi2 = 30 mA,
respectively. The experimental results verify the analysis results
of the operation principle of SIDO topology.

C. Experimental Verification for PCM Control

In this subsection, experimental transient waveforms of the
PCM-controlled SIDO buck LED driver are presented to verify

Fig. 14. Experimental steady-state waveforms of the PCM-controlled SIDO
buck LED driver. (a) Control timing. (b) Input voltage and output currents (i1
= 600 mA, i2 = 200 mA). (c) Input voltage and output currents (i1 = 600 mA,
i2 = 500 mA).

Fig. 15. Experimental transient waveforms of i1 and i2 with variation of input
voltage.

the validity of the PCM control. Fig. 15 shows experimental
results when vi step increases from 10 to 15 V. It can be known
that output currents i1 and i2 can maintain constant currents of
600 and 200 mA after an adjustment period, respectively. Thus,
the LED driver achieves constant output currents.

Fig. 16(a) and (b) present experimental results when the
reference signal of iref2 step increases from 0.3 to 0.6, and step
decreases from 0.6 to 0.3, corresponding to 100 to 200 mA load
interchange of output currents i2. Reference signal iref1 remains
constant. As shown in Fig. 16, output current i2 changes from
100 to 200 mA and then returns to 100 mA, while output current
i1 remains 600 mA. This verifies the precise and independent
dimming capability of the LED driver.

D. Experimental Verification for Transient Cross-Regulation
Analysis

Fig. 17(a)–(c) show experimental results when the reference
signal iref2 step decreases from 1.2 to 0.6 (i2 = 400 mA→200
mA), from 0.9 to 0.45 (i2 = 300 mA→150 mA), and from 0.6
to 0.3 (i2 = 200 mA→100 mA), while reference signal iref1
keeps constant, corresponding to 100% to 50% load interchange,
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Fig. 16. Experimental transient waveforms of i1 and i2 with variation of
reference signal iref2. (a) iref2 = 0.3→0.6. (b) iref2 = 0.6→0.3.

Fig. 17. Output currents waveforms with variation of reference signal iref2.
(a) iref2 = 1.2→0.6. (b) iref2 = 0.9→0.45. (c) iref2 = 0.6→0.3.

respectively. Fig. 17 shows that the transient cross-regulation
from output 2 to output 1 in these three cases are 80, 60, and
30 mA, respectively, meaning that reducing iref2 will decrease
transient cross-regulation from output 2 to output 1 when the
same load variation occurs in output 2.

Fig. 18(a) and (b) show experimental results when the ref-
erence signal iref2 step decreases from 0.6 to 0.3 (i2 = 200
mA→100 mA), while kp1= 0.2 and 0.5, respectively. Combined
with Fig. 17(c) (kp1 = 1), it can be observed that the transient
cross-regulations from output 2 to output 1 are 50, 40, and 30
mA, respectively.

Fig. 19 shows experimental results when the reference signal
iref2 step decreases from 0.6 to 0.3 (i2 = 200 mA→100 mA),

Fig. 18. Output currents waveforms with different kp1. (a) kp1 = 0.2. (b) kp1
= 0.5.

Fig. 19. Output currents waveforms with kp2 = 50.

Fig. 20. Experimental steady-state waveforms of output currents and inductor
current with different C1. (a) C1 = 125 µF. (b) C1 = 220 µF.

while kp2 = 50. Combined with Fig. 17(c) (kp2 = 25), transient
cross-regulations from output 2 to output 1 are almost the same.

The above experimental results verify the transient cross-
regulation analysis results in Section IV.

E. Experimental Verification for Stability Analysis of C1

The experimental steady-state waveforms of output currents
i1, i2, and inductor current iL of the PCM-controlled SIDO buck
LED driver with different C1 are presented in Fig. 20. As can
be seen in Fig. 20(a), when C1 = 125 μF, the i1, i2, and iL are
in period-2. While the i1, i2, and iL are in stable period-1 with
C1 = 220 μF in Fig. 20(b). These results confirm the analytical
result regarding the effect of C1 on the stability of the studied
LED driver.

F. Measured Efficiency and Comparison Analysis

Fig. 21 shows measured efficiency versus the output power. It
can be seen that as the output power increases, the efficiency
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G
î1/îref2

∣
∣
∣îref1=0

=
−SLβ1 {α2Vi (1−D2) (V1 −V2)− (α2Vi − SLδ1) [(1−D2) (V1 −V2)− SLIL]}

[SLβ3 − Rd1β2 (1−D2)] {α2Vi (1−D2) (V1 −V2)− (α2Vi − SLδ1) [(1−D2) (V1 −V2)− SLIL]}
+ β2Vi

{
[(1−D2) (V1 −V2)− SLIL] [SLα3 − Rd1α2 (1−D2)] + α2 (V1 −V2)

[
SL +Rd1(1−D2)

2
]}

+ [β2 (V1 −V2)− SLδ2]
{
Rd1α2Vi(1−D2)

2 − SLα3Vi (1−D2)−(α2Vi−SLδ1)
[
SL+Rd1(1−D2)

2
]}

(19a)

G
î2/îref1

∣
∣
∣îref2=0

=
−SLα1Vi {D2 [β2 (V1 −V2)− SLδ2]− β2 [D2 (V1 −V2) + SLIL]}

(α2Vi − SLδ1)
{
(SLβ4 − Rd2D2β2) [D2 (V1 −V2) + SLIL] +

(
Rd2D

2
2 + SL

)
[β2 (V1 −V2)− SLδ2]

}
+ Vi (SLα4 − Rd2D2α2) {D2 [β2 (V1 −V2)− SLδ2]− β2 [D2 (V1 −V2) + SLIL]}
−SLα2Vi (V1 −V2) (D2β4 + β2) .

(19b)

Fig. 21. Measured efficiency versus the output power.

TABLE IV
PROPOSED METHOD CHARACTERISTICS COMPARED WITH EXISTING METHODS

of the proposed SIDO LED driver increases first and then
decreases. The maximum efficiency is 90% at output power of
2.9 W.

Table IV presents a comparison of the proposed SIDO LED
driver with the state-of-the-art. The results demonstrate that the
proposed SIDO LED driver has a lower output current ripple
factor than that of [2] and [12]. In addition, the steady-state
cross-regulation in [1] and [12] are less than 2% and 1%, respec-
tively, while the proposed SIDO LED driver has no steady-state
cross-regulation with individual PCM control. Furthermore, the
proposed method exhibits higher efficiency compared to the
existing methods in [2].

V. CONCLUSION

In this article, a PCM-controlled SIDO buck LED driver was
proposed to achieve independent current control of each LED
output. It had no steady-state cross-regulation. A small signal
model of the LED driver was established based on the inductor
current ripple by state-space average modeling approach to de-
sign suitable control parameters and to investigate the transient
cross-regulation. The bode plots of control-to-output loop gain
transfer functions showed that the PCM-controlled SIDO buck
LED driver is stable with designed control parameters. The bode
plots of cross-regulation transfer functions proved that reducing
the reference signal of one output and increasing control param-
eter kp1 decreases transient cross-regulation from one output to
the other. Besides, the effect of the capacitor on the stability of
the studied LED driver is investigated using bifurcation analysis.
In addition, experimental results demonstrated these theoretical
studies. In addition, the PCM control can be extended to other
SIDO or SIMO LED drivers. It should be noted that the small
signal modeling, control parameters design, and transient cross-
regulation analysis methods presented in this article provided a
theoretical reference to other ripple-based controlled SIDO or
SIMO LED drivers.

APPENDIX

Equation (19a) and (19b) shown at the top of this page.
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