11930

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 11, NOVEMBER 2020

Derivation of Single-Input Dual-Output Converters
With Simple Control and No Cross Regulation

Zheng Dong ", Xiaolu Lucia Li", Chi K. Tse

Abstract—The design of power converter circuits is highly de-
pendent on the types of the input and output terminations. Con-
ventional dc—dc converters assume the input termination being
a voltage source, and the converter circuits so developed are
voltage-source-mode (VSM) converters which generally consist in
switching an inductor between the input and the output with two
complementary switches. However, when dealing with an input
current source, the counterpart current-source-mode (CSM) con-
verters are much less known. This article derives all single-input
dual-output (SIDO) converters that inherently achieves no cross
regulation using both VSM and CSM buck and boost converters,
and provides a detailed comparison of the different SIDO config-
urations in terms of step-up and step-down functions, connection
type, number of ground-referenced drivers, number of inductors,
number of capacitors, voltage stress, and current stress. The control
requirements for independent regulation of the two outputs are dis-
cussed. For illustration purposes, one specific CSM SIDO converter
is presented and its detailed operation and design considerations
are discussed. Finally, experimental results are presented to verify
the analytical findings.

Index Terms—Cross regulation, current-source-mode (CSM)
converter, dc—dc converter, simple control, single-input dual-output
(SIDO) converter.

I. INTRODUCTION

HE design of power converter circuits is highly dependent
T on the types of the input source and output load. Conven-
tional dc—dc power converters assume the input being terminated
by a voltage source while the output can be a regulated voltage
or current subject to the appropriate use of control method.
They operate by connecting a cyclically switched inductor to the
input, as shown in Fig. 1(a) and (b). These well known dc—dc
converters are herein referred to as voltage-source-mode (VSM)
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Fig. 1. VSM and CSM topologies. (a) VSM buck converter. (b) VSM boost

converter. (c) CSM buck converter. (d) CSM boost converter.
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Fig. 2. Block diagram for SIDO converter.

converters to clearly distinguish their input termination being
voltage source. Moreover, when the input is a current source,
circuit theory provides a tool to derive dual converter circuits
that operate by connecting a cyclically switched capacitor to the
input, as shown in Fig. 1(c) and (d). However, these dual ver-
sions of converters, therein called current-source-mode (CSM)
converters, are rarely known and analyzed, let alone used in
practical power conversion. The CSM converters work in exact
dual fashion as their VSM counterparts by swapping voltage
and current, capacitor and inductor, open and closed switches,
resistance, and conductance [1], [2].

As shown in Fig. 1(a) and (b), the basic VSM switching
cell consists of a switch, a diode, and an inductor. The output
capacitor serves a filtering function, in contrast to the inductor
in the switching cell which is the high-frequency switching
storage component. Likewise, in the dual fashion [1]-[4], the
CSM switching cell, as exemplified in Fig. 1(c) and (d), consists
of a switch, a diode, and a capacitor. In Fig. 1, the correspond-
ing nodes of the VSM converters and branches in the CSM
converters involved in the switching operation are drawn in
red for illustration. Here, the capacitor is the high-frequency
switching storage component, whereas the inductor serves a
filtering function [5], [6].

Single-input dual-output (SIDO) converters, as shown
in Fig. 2, are popular power conversion modules serving
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applications that require two independently regulated outputs
powered from a common power source, with minimum or no
cross regulation. As mentioned above, conventional VSM con-
verters have dominated the design of SIDO converters as voltage
source is the common form of power [7]-[9]. However, with the
emergence of new energy sources, power sources in the form of
current sources are possible. This thus calls for the use of CSM
converters from the circuit theoretic point of view. Also, until
now, there is no systematic method for deriving SIDO converter
circuits. In this article, we present a systematic derivation of
SIDO converters, including both voltage and current sources as
input power source. In the derivation of SIDO converters, we
put equal emphasis on the use of VSM and CSM converters,
addressing applications where the input is a voltage source and
a current source, respectively. In addition, we emphasize the
appropriate connection style that inherently leads to zero cross
regulation, thus drastically simplifying the control problem. We
will present systematic derivation of all SIDO topologies based
on buck and boost topologies, first for applications where the
input is a voltage source (using VSM converters), and then for
applications where the input is a current source (using CSM
converters). For each case, there are five fundamental types of
SIDO converters based on the buck and boost topologies. Due to
specific grounding (and floating) constraints, there are 9 VSM
SIDO dc—dc converters and 12 CSM SIDO dc—dc converters.
The corresponding circuit synthesis procedures for VSM and
CSM SIDO dc—dc converters are presented. To achieve complete
decoupling of the two outputs (i.e., no cross regulation), for
the VSM version, we calculate the voltage difference between
any two nodes, and find pairs of nodes with voltage difference
being equal to the input voltage, hence guaranteeing no cross
regulation. Using parallel connection, all VSM SIDO converters
are derived. Likewise, for the CSM version, we calculate each
branch current, and find the branches with current being equal
to the input current. Using series connection, all CSM SIDO
converters can be found. Application of duality clearly establish
the relationship of VSM and CSM versions as exact circuit
duals.

The rest of this article is organized as follows. Five basic types
of SIDO configurations are presented in Section II. When using
VSM buck and boost converters, the five types can be further
developed into 9 VSM SIDO dc—dc converters. Moreover, when
the CSM buck and boost converters are used, the five types
can be developed into 12 CSM SIDO dc—dc converters. In
Section III, we focus on the 12 CSM SIDO dc—dc converters
and consider their control. A comparison in terms of step-up
and step-down functions, connection type, number of ground-
referenced drivers, number of inductors, number of capacitors,
voltage stress, and current stress is presented. One specific
type of CSM SIDO dc—dc converter is taken as an example
for illustration. Guidelines for the extension from SIDO dc—dc
converters to single-input multiple-output (SIMO) dc—dc con-
verters are provided. In Section IV, practical configurations of
specific CSM SIDO dc—dc converter are given, and experimental
results are provided for verification purposes. Finally, Section V
concludes this article.
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Fig. 3. Single-input dual-output converter configurations with inherently no
cross regulation. (a) Parallel-connected converters for input being a voltage
source. (b) Series-connected converters for input being a current source.

II. SYNTHESIS PROCEDURE

As shown in Fig. 3(a), the decoupling requirement for the
two outputs can be achieved by connecting the inputs of the two
VSM converters in parallel. Thus, the independent control of the
two outputs (voltage or current) can be guaranteed. Likewise,
as shown in Fig. 3(b), connecting the inputs of the two CSM
converters in series achieves decoupling of the two outputs,
thus guaranteeing the independent control of the two outputs
(voltage or current). The derivation principle of the SIDO dc—dc
converters is illustrated here with the buck and boost converters
taken as the basic converters.

A. Basic VSM SIDO Configurations Based on
Buck and Boost Converters

For the VSM buck and boost converters, there are four nodes
involved in the switching operation, as labeled in red in Fig. 1(a)
and (b). We assume V,,,,, is the voltage difference from nodes m
and n, i.e., V., = V,, — V,,. For the VSM buck converter in ON
state, V7o and Vs are equal to V;,. For the VSM buck converter
in OFF state, V19 and V7o are equal to Vi,. For the VSM boost
converter at ON state, Vo and Vi are equal to V;,,. For the VSM
boost converter at OFF state, V7 is equal to Vi,,.

As we mentioned in Section I, when the input is a constant
voltage source, parallel connection eliminates cross regulation
and simple control strategy can be deployed. Therefore, through
connecting another VSM cell in parallel to the pairs of nodes
with the voltage difference equal to the input voltage, no cross
regulation is guaranteed. Five basic types of VSM SIDO con-
figurations are readily constructed, as shown in Fig. 4.

B. VSM SIDO Converters and Feasibility of Topologies

For each of the five types of VSM SIDO configurations shown
in Fig. 4, the second VSM converter can either be a VSM
buck converter or a VSM boost converter. Moreover, there is
a redundancy for Types I and IV due to symmetry. Thus, a total
of 9 (not 10) VSM SIDO converter circuits can be identified,
which are referred here as VSM Type I-I, VSM Type I-1I, VSM
Type 1I-1, VSM Type II-1I, VSM Type III-1, VSM Type 1111,
VSM Type IV-II, VSM Type V-1, and VSM Type V-II, as shown
in Fig. 5. From the output terminations, each VSM converter
can be controlled to deliver regulated voltage to the load via
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Fig. 4. Five basic types of VSM SIDO configurations based on buck and
boost converters. (a) VSM Type L. (b) VSM Type II. (¢c) VSM Type II1. (d) VSM
Type IV. (e) VSM Type V.

TABLE I
VOLTAGE TRANSFER RATIOS OF FIVE FEASIBLE VSM SIDO
DC-DC CONVERTERS

Type Type Type Type Type
I-1 I-1I -1 I1-11 IV-II
Vo 1
Vinl D Dy D Dy 1D,
Voz 1 D 21 1
D ——— | D *
Vin 2 1= Do 2 1=Dx» | 1=Dx»

*limited by Do < Dajy.

simple duty cycle control or regulated current via the standard
current-programmed control.

It should be noted that practical operation of the switches
may render some of the circuit configurations not feasible.
Specifically, suppose that all VSM dc—dc converters operate
in CCM, and we can readily check feasibility by inspection.
For Type II-I VSM SIDO converter, when Sy2 is ON while
Do is OFF, there is no return path for inductor current of
Los, making this topology infeasible. Similarly, Type II-II
VSM SIDO converter is infeasible. Moreover, Type V-1 VSM
SIDO converter is infeasible because D,s and the reverse
diode of switch S5 would short inductor Lo;. Furthermore,
for Type V-II VSM SIDO converter, there is no return path for
current of Lo when So; is turned OFF, making the topology
infeasible.

In summary, only five VSM SIDO dc—dc converters are oper-
ational. The voltage transfer ratios of the five VSM SIDO dc—dc
converters as functions of duty cycle are summarized in Table I,
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Fig. 5. Nine VSM SIDO circuit configurations based on buck and boost
converters. (a) VSM Type I-1. (b) VSM Type I-I1. (c) VSM Type II-I (infeasible).
(d) VSM Type II-II (infeasible). () VSM Type II-I. (f) VSM Type III-II.
(g) VSM Type IV-II. (h) VSM Type V-I (infeasible). (i) VSM Type V-II
(infeasible).

where Vi, is the input voltage; V,; and V,,, are the output voltages
of the first converter and the second converter, respectively; Da;
and Dys are the duty cycles of the first and the second converters,
respectively. As shown in Table I, the voltage transfer ratios of
the five VSM SIDO dc—dc converters are independent of R,
and R,y. Thus, the variation of one output will not affect the
other output.

C. Basic CSM SIDO Configurations Based on
Buck and Boost Converters

For CSM buck and boost converters as given in Fig. 1(c) and
(d), the branches having the same current as the input current
when switch S' is in the ON or OFF state are colored in red for
ease of illustration.
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Fig. 6. Five types based on CSM converters. (a) CSM Type I (dual version
of VSM Type I). (b) CSM Type II (dual version of VSM Type II). (c) CSM
Type III-A (dual version of VSM Type III). (d) CSM Type 11I-B (dual version
of VSM Type III). (e) CSM Type IV (dual version of VSM Type IV). (f) CSM
Type V (dual version of VSM Type V).

Fig.7. Illustration of duality transformation. Solid line: VSM Type I converter
[shown in Fig. 4(a)]. Dashed line: CSM Type I converter [shown in Fig. 6(a)].
Open switch is transformed to closed switch, and vice versa. Duty cycle D
becomes 1 — D for any switch.

As we mentioned in Section I, when the input is a constant
current source, the series connection can eliminate cross regula-
tion, thus enabling the use of simple control strategy to achieve
independently regulated outputs. Therefore, through connecting
CSM cells in series with the branches shown by the red lines in
Fig. 1(c) and (d), again, five types of CSM SIDO configurations,
which are the exact duals of the VSM SIDO counterparts, can
be constructed, as shown in Fig. 6. It should be noted that CSM
Type III has two realizations, namely, CSM Type III-A [see
Fig. 6(c)] and CSM Type III-B [see Fig. 6(c)], corresponding to
two locations of the second CSM converter.

Remarks: The five types of CSM SIDO converter configura-
tions can also be obtained through direct application of standard
circuit duality transformation [1], as illustrated in Fig. 7 for
Type I converters.

D. CSM SIDO Converters and Feasibility of Topologies

For each of the five types (six realizations) of CSM SIDO
configurations shown in Fig. 6, the second CSM converter can
either be a CSM buck converter or a CSM boost converter.
Thus, a total of 12 CSM SIDO converter circuits, namely, CSM
Type I-I, CSM Type I-1I, CSM Type II-I, CSM Type II-II,

11933

CSM Type III-A-I, CSM Type III-A-II, CSM Type I1I-B-I, CSM
Type III-B-1I, CSM Type IV-1, CSM Type IV-II, CSM Type V-I,
and CSM Type V-II, can be obtained, as shown in Fig. 8. For
the output terminations, the CSM converters can be controlled to
deliver regulated output current to the load by simple duty cycle
control or regulated output voltage via a voltage-programmed
control.

Similar to the VSM case, feasibility of the topologies should
be validated assuming continuous capacitor voltage mode of
operation. By inspection, for CSM Type V-II, when switch S5,
is ON, the input current flows through the first converter. At this
point, for the second converter, if switch Sy, is ON, there is no
current charging the load R,o; if switch Sos is OFF, there is no
current charging the capacitor Cs,. Therefore, CSM Type V-II
SIDO topology is infeasible.

The current transfer ratios of the 11 feasible CSM SIDO dc—
dc converters as a function of duty cycle are summarized in
Table II, where [;, is the input current; I,; and /5 are the output
currents of the first and second converters, respectively; and Daq
and Doy are the duty cycles of the first and second converters,
respectively. As shown in Table II, the current transfer ratios of
the 11 VSM SIDO dc—dc converters are independent of R,; and
R,2, meaning that the variations of the outputs do not affect each
other.

III. ANALYSIS AND DESIGN EXAMPLE

The VSM SIDO dc—dc converters have been used widely
in practical applications [10]-[16]. However, the CSM SIDO
converters are still relatively less known and analyzed. In this
section, we focus on the CSM SIDO converters. In order to better
understand the CSM SIDO converters and their characteristics,
the control requirement is introduced first, followed by a com-
parison of the 11 feasible topologies. In particular, Type II-II
CSM SIDO converter is analyzed in detail.

A. Control Requirements

For Type I-1, Type I-11, Type IV-I, and Type IV-11 CSM SIDO
converters, the two converters are connected in series and share
the same input current source. The switching states of S5 and
S99 would not affect the input current of each converter, leading
to the independent control. In Fig. 9, the driving signal (22 can
be connected with Q% directly.

For Type II-I CSM SIDO converter, a NAND gate should be
used in the control implementation, as indicated in the dashed
box of Fig. 9. The reason will be presented in Section III-D.

For Type II-II CSM SIDO converter, a NOT gate should be
used in the control implementation, as indicated in the dashed
box of Fig. 9. The reason will be presented in Section III-D.

For Types III-A-I and III-B-I CSM SIDO converters, when
switch So; is OFF, switch S5o can operate in any state (ON or
OFF state). When switch So; is ON, switch S35 can only operate
in the ON state to guarantee that the second converter does not
occupy the input current source. Thus, an OR gate should be used
in the control implementation, as indicated in the dashed box of
Fig. 9.
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Fig. 8.

(1) CSM Type V-II (infeasible).

Twelve CSM SIDO converter circuits based on CSM buck and boost converters. (a) CSM Type I-1. (b) CSM Type I-1I. (¢c) CSM Type II-1. (d) CSM
Type II-11. (e) CSM Type II-A-1. (f) CSM Type III-A-II. (g) CSM Type III-B-I. (h) CSM Type I1I-B-II. (i) CSM Type IV-1. (j) CSM Type IV-II. (k) CSM Type V-1.

TABLE II
CURRENT TRANSFER RATIOS OF THE 11 FEASIBLE CSM SIDO DC-DC CONVERTERS SHOWN IN Fig. 8

Type Type Type Type Type Type Type Type Type Type Type

I-1 I-1I 1I-1 II-11 II-A-I TII-A-IT [I-B-1 III-B-11 IV-1 V-1 V-1
ILI 1-D L 1-D 1-D 1-D 1-D 1-D 1-D 1-D L L
I, 21 Do 21 21 21 21 21 21 21 Do Do
o2 D2 D1 Dy 1 1

1-D 1-D 1-Dy * — 1-D ——— | I-Dyp x | ———— | — —_— 1-D
I 22 22 22 Do 2 * 1-Dxn 22 1-D» D Do 2 *

*limited by Dago > 1 - Daq; % limited by Dag > Daj.

Fig. 9.

mep

refl

ref2

Control strategy with appropriate logic gate in the dashed box.

only operate in the ON state to guarantee that the second converter
does not occupy the input current source. Thus, an OR gate should
be used in the control implementation, as indicated in the dashed
box of Fig. 9.

B. Comparison of CSM SIDO Converters

In comparing the different characteristics and properties of the
different types of CSM SIDO converters, we focus on the current

For Types II-A-II and III-B-II CSM SIDO converters, the conversion, common ground connection, number of ground-
control logic is inverted version of that of Type II-Il CSM SIDO  referenced drivers, number of inductors, number of capacitors,
converter. In Fig. 9, the driving signal ()25 can be connected with  voltage stress, and current stress. A summary of comparison is
Q%4 directly.

For Type V-1 CSM SIDO converter, when switch Sa; is ON, It is worth noting that the CSM buck converter can eliminate
the input current flows through switch Ss1, and switch Ss can  the output inductor, while having adequate filtering function, as

given in Table III.
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TABLE IIT
COMPARISON OF DIFFERENT CSM SIDO CONVERTERS
Current con- | Common No. of | No. of in- | No. of ca- | Voltage stress Current
version ground ground- ductors pacitors stress
connection | referenced
drivers
Type I-1 Step down No 1 0 2 Vs21=Vo1 Iso1 =l
Vs 22=Vo2 Is22=li
Type I-11 Step up/down No 1 1 3 Vs 21 :Vc 21 Is 21 :Iol
Vs22=Vo2 Is 2=l
Type 1I-I Step down Yes 1 0 2 Vs21 =Vo1 Is21=lin
Vs 22=Vo2 Isn=In
Type II-11 Step up/down Yes 0 1 3 Vs21=Vo1-Vc 2o Iso1 =l
Vsn=Vcn Is22=lo2
Type Step down No 1 0 2 Vs21=Vo1+Vo2 Iso1 =l
HI-A-1 Vs22=Vo2 Is22=li
Type Step up/down | No 1 1 3 Vs21=Vo1+Ve22 | Is21=lin
1II-A-II Vs =Vcn Isn=lo2
Type Step down No 2 0 2 Vs21 =Vo11t Vo2 Isor =lin
111-B-1 Vs22=Vo2 Is2=In
Type Step up/down No 1 1 3 Vs21=Vo1+Vc 22 Iso1 =l
1I-B-1I Vs22=Vc 22 Is2»=lo2
Type IV-I Step up/down | No 0 1 3 Vs 21 =Vo1 Is21=lin
Vs =Ven Isn=lo2
Type IV-II | Step up No 0 2 4 Vs21=Vcai Is21=lo1
Vsn=Ven Is22=lo2
Type V-1 Step llp/dOWIl Yes 1 1 3 Vs 21 :VC 21 +Vc 22 Is 21 :Ic,]
Vsn=Vcn Is2=li

analyzed in [3] and [17]. The inherent absence of inductors can
reduce the number of inductors, thus reducing the volume and
size of the circuit. The quantity statistics of inductors is given in
Table III. Furthermore, the current ripple amplitude of the CSM
boost converter is generally large. When an additional capacitor
is connected at the output, the current ripple amplitude of the
CSM boost converter can be reduced significantly. The quantity
statistics of capacitors is given in Table III.

Based on the rated output voltages, the rated output currents,
the input current, and the calculated capacitor voltage, we can
easily select the type of switches.

C. Extension to Multiple-Output Converters

Using the synthesis procedure and the control logic mentioned
above, itis possible to extend CSM SIDO configurations to CSM
SIMO configurations. Fig. 10 shows one specific CSM SIMO
configuration, which contains three CSM buck converters with
the advantages of natural protection and common grounding. If
one load is faulty, the current flowing through the load is still
controlled to be constant, leading to the continuous increase
of the capacitor voltage. When the capacitor voltage reaches
the specified voltage limit, the protection circuit will set the
corresponding switch to the ON state. Therefore, this converter
is shorted, while other converters continue to work normally.
For the control strategy, there are two restrictions for this con-
figuration. First, when S; is OFF, Sao and So3 can only operate

Fig. 10. CSM Single-input three-output converter.

in the ON state. Second, when S5 is OFF, Sa3 can only operate
in the ON state.

D. Design Examples

1) Example 1. Type II-1I CSM SIDO Converter: For Type II-
I1 CSM SIDO converter with switches S3; and Soo turning ON at
the same time, when D»s is larger than Do, the capacitor is never
charged throughout the switching cycle, resulting in the failure
of the second output. In this article, switch S5; turns ON and S
turns OFF at the same time. The range of duty cycle Dyo can
be widened. If (D21 + D22) is larger than 1, the ampere-second
balance of capacitor Cy3 gives

(1 = Da1)lo2 + (D21 + Dag — 1) (o2 — Iin) = (1 — Do) Iin.

ey
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Fig. 11.  Operating modes of Type II-II CSM SIDO converter. (a) Sa; is ON
and Soo is OFF. (b) S21 and Soo are OFF. (¢) S21 and Sso are ON. (d) Saq is
OFF and Sao is ON.

Upon simplification, the relationship between [,o and Ij, is
identified as
Doy

Iin—uve
Iy = [ 22t = )
° Doy Do

If (D21+ D2s) is smaller than 1, the relationship between [,
and [;, is as given in (2). Thus, a NOT gate should be used in the
control implementation. According to the control implementa-
tion, we can analyze the operating modes of Type II-II CSM
SIDO converter.

Type II-II CSM SIDO converter contains two switches,
namely, S3; and So95. Each switch may operate in either ON or
OFF state. Thus, there are four possible operating modes. Here,
the two switches operate at the same frequency. The operating
modes are shown in Fig. 11.

Mode 1: S5 is ON while Sos is OFF. In this mode, I;;, charges
up capacitor C'y2 and Voo ramps up. Capacitor C'y; and inductor
Lo are discharged to their corresponding loads.

Mode 2: So1 and Sso are OFF. In this mode, [;,, charges the load
in the first converter and inductor Lo is discharged to the load
in second converter. Capacitor voltage Voo remains constant in
this period.

Mode 3: S21 and Sa, are ON. In this mode, [;;, and capacitor
(99 charge the load in the second converter. Capacitor Csa; is
discharged to the load in the first converter.

Mode 4: S5 is OFF while S5 is ON. In this mode, I;;, charges
the load in the first converter. Capacitor C'y5 is discharged to the
load in the second converter.

For the first converter, the relationship between [;;, and I,; is
given as

Iy = (1 = Day1)lin- (3)
The output voltage of the first converter can be calculated as
Vor = (1 = Da1)lin Ro 4)

where R, is the load at the first converter output. The average
input current Ii;, .. of the second converter is

Iinfave = D2llin- (5)
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According to (2) in Section III-A, we get
o DQIIin

I, (6)
? Dso
The output voltage of the second converter can be calculated as
Doy I in
Viz = —5—"Roo )
22

where R, is the load at the second converter output.
For the second converter, ideally, the input power is equal to
the output power. According to (6), we get
IOQQROZ (D21Iin)2Ro2 D21IinR02

V fr— = = . 8
O I ave Dao* I, Doy D3, ®

For the first converter, when switch S5; is ON, diode Ds; is
OFF. In this situation, if the capacitor voltage of Cos is higher
than the output voltage V,1, diode D2y will conduct, which will
destroy the first converter. Thus, the capacitor voltage of Cao
can be readily found as

Veaz < Vor. )

According to (4), (8), and (9), the limitation for duty cycle
D22 is

Dy Roy2

Doy > | ———F———.
> (1 =D )R

(10)

We define r = R,2/R,1. With different r, the relationship be-
tween the duty cycle Do; and the minimum duty cycle Das iy
is plotted in Fig. 12. From (10) and Fig. 12, we see that the
minimum duty cycle Daa_ iy is decided by Dsg, R,1 and Rs.
In the design of circuit parameters, we should calculate the
minimum duty cycle Das_pin based on the known parameters,
thus controlling D9 within a reasonable range.

The maximum value of Do is 1. Based on (10), the limitation
for duty cycle Do is

Rol
Rol + R02 .

Fig. 13 plots the maximum duty cycle Do1_pax against r,
including the situations where 7 is smaller than 1 and r larger
than 1, as given in Fig. 13(a) and (b), respectively. Taking r =
0.09 as an example, according to Fig. 13(a), the corresponding
maximum duty cycle Do ax 18 0.92, which is consistent with
the maximum value shown in Fig. 12.

Doy < (11)
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Fig. 13. Relationship between 7 and D21 _max under (a) r is smaller than 1,

and (b) r is larger than 1.

Fig. 14.
generator.

Type II-II CSM SIDO converter preceded by the current source

Type II-1I CSM SIDO converter has following advantages: 1)
It can achieve step-up and step-down functions simultaneously;
2) it can avoid cross regulation by simple control strategy; and
3) all ports are connected with a common ground.

In practice, the voltage source is a common input form.
In order to deal with this situation, we add a current source
generator. The function of the first stage is to produce a current
source and feed the Type II-1II CSM SIDO converter. A proper
connection leads to the configuration shown in Fig. 14. It should
be noted that an open-loop control for Type II-II CSM SIDO
converter is sufficient to avoid the cross regulation issue, which
means that the control circuit can be simplified greatly and the
cost can be reduced.

For the practical configuration shown in Fig. 14, the input
power is

Py = VinIr1 D1 (12)
According to (3), (4), (6), and (7), the output power is
Doy 211,
Pout = =L Rop + (1= Dot I %Ror. (13)

22

The input power is ideally equal to the output power. Thus,
we get
Dot?I11?
21751302 + (1= D21)*I11*Ron.
22

Vinlpi D1 = (14)

Regarding the practical configuration shown in Fig. 14, we
can calculate the range of the load resistance based on the
input voltage and the constant current value of inductor Lj.
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Type II-I CSM SIDO converter preceded by the current source

Fig. 15.
generator.

For instance, we set the parameters to the values in Table V.
The input voltage is 48 V. The inductor current is 0.5 A. The
duty cycles Dy; and Do are 0.5 and 0.4, respectively. When
R,1 15 200 €2, (14) can be simplified as

384D = 200 + 6.25R,2. (15)

The maximum value of Dy is 1. Thus, the maximum value of
Ry2 15 29.44. Equation (14) can be used to guide the parameter
design of the circuit shown in Fig. 14.

2) Example 2. Type II-1 CSM SIDO Converter: For Type II-1
CSM SIDO converter, when switch So1 is ON, switch S5 can
operate in any state (ON or OFF state). When switch S5 is OFF,
switch Ssy can only operate in the ON state to guarantee that
the second converter does not occupy the input current source.
Thus, a NAND gate should be used in the control implementation.
Similar to the configuration in Fig. 14, Type II-I CSM SIDO
converter employs a current generator to deal with the situation,
where the input is voltage source, as shown in Fig. 15.

The converter in Fig. 15 contains only one inductor. By virtue
of the constant inductor current, the second stage can employ
an open-loop control. The lower magnetic component count and
simple control strategy can reduce the cost significantly. Since
the CSM buck converter inherently contains no inductor, it can
be used in single-inductor multiple-output applications requiring
minimum number of inductors.

For the practical configuration shown in Fig. 15, the input
power is as given in (12). The maximum value of D; is 1. Thus,
the maximum input power is

Pinfmax = ‘/inILL (16)
According to (3), the output power is
Pous = (1 = D21)*111°Rot 4 (1 — D32)*I11°Roa. - (17)

Because (D21 + Dag) is larger than 1, the maximum output
power is
Poutfmax = (]- - D21)2IL12R01 + D2121L12R02~ (18)
The maximum input power should be larger than the maxi-
mum output power. Thus, we get
Vin
I,

> (1= D21)?Ro1 + D21? Roa. (19)
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TABLE IV
COMPARISON OF DIFFERENT SIDO CONVERTERS
Converter in | Converter in | CSM SIMO con- | Traditional SIDO | Traditional SIDO
Fig. 15 Fig. 14 verter in [4] converter  under | converter  under
DCM  operation | CCM  operation
[18] [19]
Control strategy Simple Simple Simple Medium Complicated
Controller cost Low Low Low Medium High
No. of switches 3 3 3 3 3
No. of diodes 3 3 3 3 3
No. of capacitors 2 3 2 2 2
No. of inductors 1 2 1 1 1
No. of current sensors 1 1 1 2 2
Cross regulation No No No No Yes
Common grounding Yes Yes No Yes Yes
Current conversion Step down Step up/down Step down - -
TABLE V

Equation (19) can be used to guide the parameter design of the
circuit shown in Fig. 15.

In order to demonstrate the advantages of the converter cir-
cuits obtained, we compare the converter in Fig. 15, the converter
in Fig. 14, the CSM SIDO converter presented in [4], the tra-
ditional SIMO converter under DCM operation [18] and CCM
operation [19]. The differences are shown in Table IV.

In terms of the control requirement, the CSM-based SIDO
converters require much simpler control circuits than the tra-
ditional SIDO converters. All converters need three switches
and three diodes. Compared with other SIDO converters, the
converter in Fig. 14 needs an extra capacitor and an extra inductor
for performing the filtering function. Moreover, the CSM-based
SIDO converters employ only one current sensor for producing
a constant intermediate current, whereas traditional SIDO con-
verters [18], [19] require two current sensors for regulating two
output currents, resulting in increased power loss and cost. In
terms of cross regulation performance, the CSM-based SIDO
converters can alleviate cross regulation altogether. Further-
more, in terms of connection type, the two outputs of the CSM
SIDO converter presented in [4] are connected in series, which
limits its application. Finally, the converter in Fig. 14 can step
up and down the current simultaneously.

IV. EXPERIMENTAL RESULTS

A prototype of Type II-II CSM SIDO converter mentioned in
Section III-D has been built for verifying the analytical results
presented earlier. Parameters and components of our prototype
are given in Table V.

Fig. 16(a) shows the driving waveforms and the input current
waveform. The input current source is 500 mA. Dy; and Doo
represent the driving signals of switches So; and Sos, respec-
tively. According to Fig. 16(a), when switch Sa; turns ON, switch
Sao turns OFF, which agree well with the control logic shown
in Fig. 9. In one period, we identify three subintervals. In the
first subinterval, So; is ON and S5 is OFF, and the input current
source charges capacitor Cos. In the second subinterval, S5 and
Soo are OFF, the capacitor voltage Voo remains unchanged in
this subinterval. In the third subinterval, S5 is OFF and S5 is ON.
Capacitor Ca9 is discharged to the load in the second converter.

PARAMETERS OF TYPE II-1I CSM SIDO DC-DC CONVERTER

Circuit Parameters Value

Rated input current 500 mA

Inductor Loy 500 uH

Capacitor Cy 47 uF

Capacitor Co2 100 pF

Output currents 141 250 mA

Output currents 142 630 mA

Switch frequency of S»; and Sy 50 kHz

Load Ry 200 Q

Load R 43 18 Q

r 0.09

Switch frequency of S»; and S»» 50 kHz

MOSFETs S»; and S»» IRF540NPBF

Diodes D3, and Dy, MBR20150CT
- 5 | - ) s
— ) } DS21 e
e T P
M D,»;‘ - ISSERESIENELL, -0 SR OO0 S

Im - o o o
- e R o I— . e
(a) (b)

Fig. 16. Experimental waveforms of (a) two driving signals and the input
current; (b) voltage stress.

From Table III, the theoretical voltage stress of Sz is (V1 —
Via2), and the theoretical voltage stress of Sao is Viooo. From (4),
(8) and the parameters in Table V, the theoretical values of Vpga1
and Vpgoo are 21.9 and 28.1 V, respectively. Fig. 16(b) shows
the voltage stress of switches So; and So5. The measured Vpgo1
and Vpgoo are 19 and 30V, respectively, which are generally in
line with the theoretical results.

Fig. 17(a) presents the experimental waveforms of the input
current and the two duty cycles. In this case, [, is equal to
500 mA, and duty cycles Dy; and Do are set to 0.5 and 0.4,
respectively. Fig. 17(b) presents the experimental waveforms of
the two output currents. The measured output currents ,,; and
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Fig. 18.  Experimental waveforms of voltages Vo1, Vo2 and Vioas. (a) Vioos

and duty cycles. (b) Two output voltages.

1,92 are 250 and 630 mA, respectively, indicating the simultane-
ous step-up and step-down functions. The results are in perfect
agreement with theoretical output currents calculated from (3)
and (6). The advantage of Type II-II CSM SIDO converter is that
it can achieve step-up and step-down functions with common
ground connection.

Fig. 18(a) shows the experimental waveforms of capacitor
voltage V92 and the two duty cycles. The measured capacitor
voltage Voo is 30 V, and duty cycles Doy and Dso are set to
0.5 and 0.4, respectively. From (8), the theoretical voltage Voo
is 28.1 V. Notable error in Voo can be found in Type II-II
CSM SIDO converter due to the forward voltage drop of the
diodes and the measurement error in the duty cycles. Fig. 18(b)
presents the experimental waveforms of the two output voltages.
The measured output voltages V,; and Vo are 52 and 12 V,
respectively. According to (4) and (7), the theoretical voltage
Vo1 and V5 are 50 and 11.3 'V, respectively, which basically
agree with the measured results. As shown in Fig. 18, Vios is
smaller than V,,;. The design consideration between V92 and
Vo1, as given in (9), is verified.

Fig. 19 shows the transient response when load R,y steps
between 18 2 and 12 €. Details are shown in Fig. 19(b) and (c).
The load R, is 200 §2. According to Fig. 19, the output voltage
V5o steps from 12 to 7.5 V, and then return to 12 V. During
the whole process, voltage V,; is unaffected and maintained
constant. The independent regulation can be achieved with
simple duty cycle control in Type II-II CSM SIDO converter.
Obviously, the configurations shown in Fig. 8 can eliminate
cross regulation because of the series-connected structure and
the constant current feeder. The decoupling performance of these
CSM SIDO dc—dc converters is thus verified.

©)

Fig. 19. Transient response showing independence of the two output voltage
or cross regulation. (a) Transient response when R, steps between 18 €2 and
12 Q. (b) 18 to 12 . (c) 12 to 18 2. In both cases, the other voltage output is
unaffected.

Drive circuit

) ” . P “ v
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Efficiency
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(b)

Fig. 20.
converter.

(a) Prototype and (b) measured efficiency of Type II-1I CSM SIDO

Fig. 20(a) shows the prototype of the Type II-II CSM SIDO
converter. The current source generator consists of a switch, a
diode and an inductor. Fig. 20(b) shows the measured efficiency
of this Type II-II CSM SIDO converter, which is not optimized
for the power range of 30 W + 33.3%.

We have also built a laboratory prototype of the converter
which contains no inductor and has the advantages of simple
control strategy, no cross regulation, common grounding, and
natural protection. The experimental results are shown in Fig. 21.
From Fig. 21(a), the input current is 500 mA, and the measured
duty cycles Doy and Dss are 0.75 and 0.5, respectively. Ac-
cording to Table II, the two output currents should be 125 and
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(a) (b)
Fig.21. Experimental waveforms of Type II-1 CSM SIDO converter. (a) Input

current and duty cycles. (b) Output voltages and currents.

250 mA, which basically agree with the measured results shown
in Fig. 21(b).

V. CONCLUSION

SIDO dc—dc converters are popular power conversion mod-
ules. Voltage source inputs have dominated the SIDO applica-
tions. However, systematic derivation of SIDO converters of
all possible configurations is still not available. In addition,
the potential use of current sources due to the advent of new
energy sources has exposed the need for deriving current-source
based SIDO converters. In particular, the CSM type of SIDO
converters has apparently been completely missing from the
literature. In this article, we attempt to fill this gap and present a
systematic synthesis procedure for SIDO converters that achieve
no cross regulation and allows the use of simple control strategy.
Specifically, we have demonstrated how SIDO converters can be
synthesized from basic boost and buck converters, for both VSM
and CSM types. This work therefore represents a fundamental
contribution to establishing SIDO converter configurations, and
further to multiple-output converters.
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