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Abstract: This paper presents a current converter that uses an inductor based approach for interim
energy storage. A family of the circuits for step down conversion is examined for both non-inverting
and inverting operations. The paper has disclosed the method of the generation, so that any order
of 1/n conversion ratio can be made. One of the features is to use two transistors only in the
common half-bridge style. The main contribution is its special current conversion capability and
soft-switching, because it eliminates switching loss and the spike in the devices using a resonant
capacitor with the switched-inductor. The performance has been proved to work well for current
bucking. This is a new concept for the power converter and is an advanced development of the
conventional switched-inductor converter, switched-capacitor, and resonant converter; it is a duality
of the switched-capacitor converter. The paper provides a theoretical approach for the current source
topology and its formation. It prepares for vast applications in the current source photovoltaic system
and current mode system. Experiment verification and loss analysis have proven the preferable
characteristics. Benchmarking comparison with similar converters has been made and advanced
features have been described. The proposed converter presents current mode research for increasing
application in the coming decade.

Keywords: current converter; switched-inductor converter; switched—capacitor converter; zero-
voltage switching; soft-switching; duality; current source; photovoltaic

1. Introduction

The current source converter offers an alternative solution to the voltage source con-
verter, however, less work has been done in the current source converter as compared to the
voltage source converter. The current source converter offers advantages such as a long life-
time inductor and fast overcurrent protection [1]—in fact, the current source is commonly
used; for example, the photovoltaic (PV) is a current source. Many electric loads such as
torque-controlled motors are current load and batteries are current-based charging. Using
the inductor-based converter, the integrated fabrication of onboard converter to motors and
PV panels is highly feasible and more advantageous than voltage source converter based
on a bulk capacitor which has a short lifetime especially under strong sunlight or high oper-
ating temperature and with the inconvenient form factor. This paper aims to focus the work
on the current source converter. A conventional power converter using switched-mode
power conversion is based on an inductor and capacitor as interim energy storage. On the
other hand, the power converter using a capacitor only as of the interim energy storage,
namely switched-capacitor converter, is reported extensively in the last 20 years [2-4] and
its resonant converter to provide a soft-switching for switching devices [5-7]. This concept
has a few variations. It is a combination of classical switched-mode power with a switched-
capacitor and can be applied to multiple voltage conversion [5], step-up [6], fractional [7],
and multiple inputs [8]. The switched-capacitor conversion has also been well addressed
in Luo converter [9], hybrid DC-DC converter [10], RC type [11], chain structure [12], and
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power management [13]. The resonant conversion of the switched-capacitor is to reduce the
switching current using zero-current during switching that is achieved by inserting a small
inductor. The success of this method is to quantify the size of the inductor instead of based
on uncertain leakage or series inductor in the circuit and components. The concept has also
been extended to the application of multiple inputs for voltage summation [14], multiple
inputs for voltage subtraction [15], AC-DC rectifier [16], and battery string balancing for
use in battery management system [12,17], and multi-level inverter [18].

Recently a duality principle was proposed [19] to generate the switched-inductor con-
verter from the switched-capacitor converter. The principle allows swapping the inductor
and capacitor, voltage and current source, and parallel and series connection to generate
new circuits. The generated converter uses inductors only as energy storage devices. The
application is mainly for the current source that is getting attention due to the widespread
use of the PV system that is a current source [1,20] and current-type control of the elec-
trical machine. It is a new concept of switching circuits as a counterpart to conventional
switched capacitor converters, and it provides an alternative power conversion method
for user selection. Inductor energy storage has a high potential as compared to capacitive
energy storage. Switched-inductor power conversion recently received attention from the
research field [21-24]. Their techniques included the coupling inductor switching [21,24]
and non-coupling switching [22,23] and recent research in high magnetic strength soft mag-
netic of over 1.5 T [25] and super-conductor magnetic energy storage exhibits 10 Wh/kg,
which is much higher than that of super-capacitor energy storage. Inductors can be easily
constructed according to users’ requirements, whereas the capacitor is needed to procure
according to the power level, current level, and dielectric and its form factor are limited.
The proposed concept in this paper has been developed into several basic topologies in
switched-inductor converter under hard-switching that imposes high voltage stress on
switching devices. In this paper, this concept is demonstrated here with its resonant version
that is done by adding a small capacitor in the circuit to achieve the resonant switching in
a duality of the resonant switched-capacitor power converter. A full set of the analytical
formulation is described. The paper is an examination of the theoretical extension of the
concept, to a circuit series of step-down converters in non-inverting and inverting power
conversion solutions. The novelty of the paper is;

e toillustrate the duality principle to the applications of the switched-inductor circuit
and its high-order resonant counterparts.

e  The circuit family is new and the current mode development presented is one of the
very few current base analyses for power coverers in recent years and;

e it provides a good understanding and concept of operation and advantage of the
current mode using switched-inductor power conversion.

The paper is organized as follows: Section 2 presents three basic circuits of the resonant
switched-inductors. Section 3 presents the generalized method for higher order. Section 4
provides the detailed analysis and the formulation of the step-down and inverted circuits.
Section 5 shows the design method, and Section 6 demonstrates the experimental results.
Section 7 shows the benchmarking. Section 8 presents the discussion of the main feature
and application, and the paper is concluded in Section 9.

2. Switched-Inductor Converter Generation

Figures 1 and 2 show the basic topology proposed for the 1/2 type and —1 type of
the switched-inductor power converter (SIPC) with a conversion ratio of 1/2 and —1,
respectively. Without C; and Cj, it is simply a switched-inductor converter [19]. The
converter is current based and, therefore, there is no output capacitor and only an output
inductor. The present design is to add a small capacitor in parallel with the switching
devices S1 and S, to create a zero-voltage switching for reduction of switching loss. This
is also known as soft-switching because the voltage is during the switching transition is
zero and it is preferred switching method [26]. C; and C; are designed specifically so that
it can activate the zero switching in a resonant manner and does not affect the current



Energies 2022, 15, 1697

30f20

conversion characteristics of switched-inductor converter. The size of C; and C; is small,
and usually, the multi-layer high-stability version can be used. The topology is also in
duality to the switched-capacitor power converter (SCPC) and its resonant version [7],
which has a series inductor, instead, to connect with the transistor under zero current
switching. Switched-inductors L and L; are assumed to be large such that their ripple
is negligible. S; and S, are turned on and off alternatively in a period with each turn-on
time slightly higher than the 50% duty ratio. The overlapping of the turn-on time is a
characteristic of current source circuits, and it ensures there is continuous current for the
current source that is in duality to the dead-time in the voltage source system. It eliminates
any incident of high voltage spike due to discontinuous conduction of input current I;;, by
Sq or S,.
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Figure 1. Non-inverting design of half-type resonant switched-inductor converter circuit.
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Figure 2. Inverting design of resonant switched-inductor converter circuit.

3. Generalization of Proposed Converters

The proposed power converter is named as a step-down resonant switched-inductor
converters (SDRSIC), as shown in Figure 3. It is obvious a current power converter that
provides output to input conversions of 1/3, 1/4, and 1/# as illustrated in Figure 3a—c,
respectively. The generation skill used here is by a generalized cell that gives the extension
to the fractional current divider. A similar inductor and capacitor connection method can
also be seen in [27]. Figure 4 shows the switching cell to generate the n-order. For n-order,
there are n—1 switched inductors, L; to L, plus one L} to present the load; two diodes D,
and Dy, for paralleling L, with other switched inductors and two diodes D, _1y, and D,
for series connection of L,, with others inductors for discharging and charging operations of
Ly, respectively. L together with R; is to represent the current mode or inductive load. If
the load is a current sink, L can be taken away. The size of L} is not critical for the circuit.
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Figure 3. The step-down resonant switched-inductor converters using non-inverting design; (a) 1/3-
type, (b) 1/4-type, (c) 1/n-type.

Figure 4. Switching inductor cell for fractional conversion generation.

The current divider from the input current is through the switching cells. Using 1/n
type as an example, the current passes Ln through D(,,_1), and Dy, with other switching
inductor cells during its series forward operation, and the currents of all inductors L,
to L,_1 through Dy, and Dy to D(,_1), and D,_1) are summed together for parallel
operation. D1, and D(j,,_1). are not needed for simplicity. That is to say, the switched
inductors L; to L,,_; are for conducting the input current together in parallel and then all
the inductors connected in series for releasing the current to load in the next half-cycle. The
diodes govern the connection of the inductors in parallel or in series during charging and
discharge, respectively.

The non-inverting resonant switched inductor converter has a conversion ratio of
1/(n—1), with n being the number of inductors. Figure 5 shows the inverting circuit for (a)
—1/2 type, (b) —1/3 type, and (c) —1/n type. The inverting resonant switched inductor
converter has a conversion ratio of —1/n with n inductors. L; is an inductor to represent
the current sink and smoothing of output current but is not a switched inductor.
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Figure 5. Inverting step down resonant switched-inductor converters; (a) —1/2-type, (b) —1/3-type,
(c) —1/n-type.

The technical analysis is conducted below using the idealized analysis. It is assumed
that there is no voltage drop on the diodes. The small overlapping time is not considered
as they are usually very small as compared with the period and the switching signal duty
ratio. The active switches operate with open-loop control at 50% duty cycle. The above
assumption is to make the reader understand the basic principles of the proposed circuit
series without the influence of the 2nd order effect. The output load is represented by
resistor R;. The input side is a constant current source and all switching devices are ideal
with no series resistance and on-state voltage.

4. Operational Principles
4.1. Step Down Resonant Converters—Non-Inverting
4.1.1. The Forward (Non-Inverting) Mode 1/3-Type SDRSIC

Four operational stages that depend on the switching states of the transistors are
shown in Figure 6. The operational waveforms, as shown in Figure 7, are simulated
to illustrate each stage. Parameters for the circuit simulation are listed as: inductors
L1 = Ly =500 pH, switching frequency fs = 50 kHz, the resonant capacitor C; = C = 0.01 uF,
the Load R, = 8 () and the input current I;; = 6 A. The theoretical simulation waveforms
are shown in Figure 7.
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Figure 7. Simulation of 1/3-type SDRSIC to show the switching states.

Stage 1 [ty — t1]: Figure 6a shows the switching states, S is switched off and S is
switched on to start the resonance process at ty. Figure 6a shows the operation. L; and
Ly are in parallel through S, Dy, and D, in forward conduction, and L; through Dy, to
carry the input current I;;,. The output is represented by L; and R;. The resonant tank is
formed by Lj, Lp, and C;. Voltage on C; performs a half-cycle sinusoidal voltage under
zero voltage off and on at ¢y and ¢, respectively. Because the switch S; is in parallel with
Cy, it is under zero voltage switching. It can also be seen that the inductor currents i;; and
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irp swing from minimum at fy to maximum values at ;. Energy is transferred from the
source to the inductors.
The state equation is as follows.

Iy =C d;’il +ip i+ b

U1 = le(fi# (1)
i1 =i
Assuming vy = Vysinwit 2)

where ij1 and ij; are the current through L, and L, respectively.
The solution of (1) is then:

Cl dvsl

= wyC1 Vycoswy t 3)

w1CyVycoswit +2ip1 + I, = Iy, 4)

Then the solution is derived as

V51 = Vysinwqt
: 1 V;
it1 = 5(Iin — Io — 7coswst)

©)

_ 1 _ /2 —
Where Zl — m, C()l - m, Ll —Lz.

Stage 2 [t1 — t,]: Figure 6b shows the switching states, S is still switched off and S; is
still switched on, but the resonance process has ended. The voltage on C; has completed
a half-cycle sinusoidal voltage and continues to be zero from #; and ;. 71 and iy, remain

unchanged. The state equation is

vs1 =0
{ / — Iin*IO Vi (6)

1 =ty

Stage 3 [t — t3]: Sj is turned on at ¢, and its voltage is still zero and hence it is under
zero voltage switching. S, is turned off and its parallel capacitor C; starts resonance with L;
and L, connected in series as seen in Figure 6c, therefore, S, is under zero voltage switching.
The load is represented by R; and Ly. The resonant current through 711 and ij» decreases
from maximum to minimum. The resonant voltage across S, vs, is a sine wave resonance
that swings from zero to maximum then back to zero in half a resonant cycle.

The time derivate of i;; and vg) is

in— G52 =1, @)
v = —2L 4
Assuming vsy = Vysinwt (8)
Combines Equations (7) and (8) to give
d
Cy ;);2 = wyCyVycoswyt )
i1 = I + waCVycoswot (10)
Then the solution is
Usp = Vysinwyt
. v, (1)
ifn =1L, + 7, Coswat

- _1_ - /1 -
where Z, = 5 W2 =\ 30,05 Ly = L,.
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Stage 4 [t3 — t4]: Between t3 and t4, the switching states of S; and S, are unchanged.
The amplitudes of voltage and current for passive components are also unchanged because
the resonance among Cy, L1, and L; has already terminated. The amplitudes of vs; and i1

are then
s =0 (12)
. Vi
in=1Il—-2

During this stage, the load current is provided by the input current as well as the
inductors L; and L.

4.1.2. Steady-State Equations of 1/3 Type SDRSIC

The input current I;;, and the output current I, can be examined by the continuity of
the DC part of i;1. Equating (5) and (11),

1
lo = 5 (lin = o). (13)
It follows that the current conversion relationship becomes
L, = 31,. (14)

It is noted that the derivation of the conversion ratio is, in fact, independent of the
resonant waveforms and the DC components manifest the conversion ratio.
By using input and output power balancing;:

. . 5
I; 2 I 2 I 7z
L, Vi, = %/02 Vysinwytdt = TO/OZ szino.)lt‘dif—i-?0/02 Vysinwotdt = VoI,  (15)
S S S

The values of voltages V; and V), can be solved

VT,
= 1
ve= T8 (16)

2V, T.
V — mn-+s 17
v= 5 17)

where T; is period of the switching frequency, T1 and T are the resonant cycles related to
w1 and wjy, respectively

To conclude, the amplitude of the key parameters of current and voltage of the resonant
components for 1/3 type SDRSIC is

For Stage 1 [ty — #1]:

Vg = %Viﬁnsinwl(t —tg) a8)
i1 = §(Iin — Ip — 577 coswy (£ — to))
L
where, Z; = ,/ﬁ, wy = ﬁ, C1=Cy, Ly = Ly.
For Stage 2 [t; — t]:
Us1 = 0
. Lyl , 7VoTs (19)
{ A N VAV
For Stage 3 [t> — t3]:
Ve = %ﬂfsinwz(t —t) 20)
irg =L, + 237}‘2/%5 coswy(t — tp)

2L 1
where Z, = \/ T2, w2 = \/ 25,55, C1 = C2, L1 = L.
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For Stage 4 [t3 — #4]:

Usp = 0
. 27V, T (21)
it = lo = 377

4.1.3. General Formulation to 1/n-Type SDRSIC

The general equation of the converter family for type 1/# is described below. It can be
deduced that there are (1 — 1) switched inductor cells. The description for inductors Ly, Ly,
Ls,...,L,is denoted by ir1, irp, i13,..., iLy, respectively.

For Stage 1 [ty — #1]:

iV,

Vg1 = Tfssinwl(t —tg)

. (22)
i1 = % (Iin -1, - ng% coswn (t — t0)>
/ -1
where,Z1: ﬁ,wlz (nLC),Cl=C2=C,L1=L2=L3=...=Ln_1=L.
For Stage 2 [t; — 1]
{ U51 =0 23)
/ — Iin*IO VoTs
="+ n(;ﬁl)le1
For Stage 3 [t; — t3]:
V) = —”XTOZTSsinwz(t — 1)
(n—1)7V, Ty (24)

irn =1+ WCOSCUz(t — tz)

whereZzzy/(nzl)L,wzz,/W,Q:CZ:C,M:LZ:M:... =L, 1=L.

For Stage 4 [t3 — #4]:
vs =0
{ Vo Ts (25)

inn=1 - nZ>Th

The switched-inductors are not needed to be exactly equal to the current sharing. The
inductors are connected in both series and parallel in a different stage of operation and,
therefore, the small variation in the tolerance does not affect the operation. Again, from
the Equations (1) to (25), L1 and L, do not affect the DC level of the current and hence any
tolerance in L does not affect the DC level and the assumption of L = L is justified.

4.2. SDRSIC—Inverting Design
4.2.1. The Operation Mode 1/2-type SDRSIC

There are four stages of operations, and the equivalent circuit of each stage is shown
in Figure 8. The waveforms of each stage of operation, as shown in Figure 9, have been
illustrated in simulation, which was based on the parameters L, = L, = 500 puH, fs = 50 kHz,
Iiy =6 A.
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Figure 9. Theoretical simulation of inverting 1/2-type SDRSIC.

Stage 1 [ty — t1]: 51 is switched off and S, is turned on, both at ¢y. The circuit is shown
in Figure 8a to illustrate the equivalent operation. L; and L are now in parallel connection
through Dy, and D,,, respectively, and their summed currents are through S,. If L1 = Lo,
their currents share equally the input current I;;,. The resonance tank is formed by C;, and
Ly // Lp The resonant currents i;; and ij, increase to a maximum after half a resonance
cycle, whereas C, resonates sinusoidally from zero, swings to maximum and returns to
zero. Dy conducts I, and freewheels the current through L; and R;.
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The state equations of vsp, ir1, and iy, are

dog | - .
Ly = 1t +ipn +in
U1 = Ll% (26)

i1 =i

Equation (26) are using the assumption of L; = L, to get i;; = ijp. Assuming

Vg1 = VySinwqt (27)
(27) and (26) are reduced to:
dvsl
C TR w1 Cq Vycoswqt (28)
w1 CqVycoswt + 2ip1 = Iy, (29)

Then the solution is derived as

Vg1 = Vysinwqt
S (30)
ir1 = 5(Iiy — Z—lcoswlt)
where, 7 = 2, w; = /% ,C; =C
7 &1 w Gy M1 I[,C -1 2.

Stage 2 [t; — t;]: The switching state of S; and S, remains the same as Stage 1.
The equivalent circuit Figure 8b illustrates the operation. The resonance on capacitor
C; terminates due to the body-diode of S;. The currents through L; and L, are kept at
maximum throughout the period t; to t,. D} freewheels the load current I,.

The amplitudes of vs; and i are

Ug1 = 0
i = %(L’n + %’{)

Stage 3 [t, — t3]: This is another half cycle resonance when S is turned on and S is
turned off. The resonant tank formed by C; and series connection of L1 and L,. The voltage
across C; increases in a sinusoidal manner from zero and swings back to zero at t; after half
a resonant cycle. At the same time, the energy stored in inductors L; and L; is delivered to
load R;. The current direction in R; is in —I, direction

The state equations of Cp, L1, and L, are

(31)

d .
G =in+h

v = —2L; % (32)
i1 =i
Assuming vs = Vysinwot. (33)
Equation (32) is solved:
dvsl
@) el wrCrVycoswyt (34)
ir1 = — I + wrCVycoswrt (35)

Then the solution is

Usp = Vysinwyt
(36)

) %
ir1=—1I,+ Z—Zcoswzt
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/1
where Z, = W2 =\ o105 C1=0Co.

w: C2

Stage 4 [t3 — t4]: The transistor S; continues to be on and Sy is still off. The resonance
of C, stops and its voltage has swung to zero. For the duration t3 to t4, i1 and ijp have
resonated to their lowest values and remain unchanged for the duration t3 to t4. The output

current I, and the ripple Vy/Z; is supported by i; 1. The state equation is

sy =0 (37)
. v,
in=-l—z

4.2.2. Generalization of Steady-State Solution of Inverting 1/2 Type SDRSIC

The dc portion of the current in inductor L; as seen in (30) and (36) are continuous, i.e.,
the relationship input current I;;, and the output current I, is

1
~ Iy (38)

_10:2

Because of the power conservation,

T. T
Ly [T Iy [7 I, (%
TinVi = 2 /0 Ot = /O " Visinantdt = - /O P Vsinantdt = VoI, (39)
S S

S

The amplitude for switch voltages Vy and V), can be solved

7wV, Ts
Ve = 40
= o (40)
TV, Ts
V, = 41
V=7 (41)

where T is the period of the switching frequency, T7 and T, are the period of resonant
frequency for w; and wy, respectively.

Finally, the general equations of —1/2 type SDRSIC are now:

For Stage I [ty — t4]:

V51 = nzv% Ta2ssinw (f— to)
g T (42)
1 = Q(Iin 27,T, €051 (t - tO))
where, Z; = / ZCLll w) = ﬁ, C1=Cy, L1 = Lo.
For Stage II [t; — #]:
Us1 =0
. (43)
{ ir1 = lin + ng%f
For Stage III [t; — t3]:
Usp = "‘Y/PTssznwz(t — ) )
irn=-—1 + = ”V"TS coswz(t —t7)
where Z, = %, Wy = 2L}C2
For Stage IV [t3 — t4]:
U2 =0
{ Z _ —I _ 7'L'V0T5 (45)
L1 — 0 Z, T
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4.2.3. General Formulation to 1/n-Type SDRSIC

The generalized form of the inverting-type SDRSIC is shown in Figure 5c. The individ-
ual current of inductors Ly, Ly, L3, ... , L, is denoted by ir1, i1, i13, ..., iLs, respectively.
The number of switched-inductor needed is n and the equations for this generalized
topology can be written in terms of 1 as follows:

For State 1 [ty — t1]:

{ Vs1 = ”V%Tssznwl(t —to) )
iLl = %(Iin — gg"%—b COSCL)l(f — to))
where, Z; = /2, wy = \/{%,C1=C,=C,L1=Lp=... =L, =L.
For Stage 2 [t; — 1]
o1 =0 47)
1 = %(Im + ;Tgf]]::)
For Stage 3 [t, — #3]:
Vg = ”‘?”Tssmwz(t — 1) )
iLl -1, + T[V”T‘; COS(A]z(t — i’z)
where Z, = 1/"CL , Wy = ﬁ
For Stage 4 [t3 — #4]:
Usp = 0
. _ iV, Ts (49)
ZLl - _IO - l’lZsz

5. Example of Circuit Design

To further demonstrate the proposed circuit series, the design of an SDRSIC is shown
in the following as an example to illustrate the application. The methods shown below
are based on the equation of the resonant components, zero-voltage switching criteria and
the resonant voltage equation. It is also a generalized method and can be applied to other
switching of frequency and ratings.

(1) The proposed circuit is with the following parameters: I;;, = 6 A Conversion ratio
I, /1, = 1/3 switching frequency f; = 50 kHz.

(2) The next step is to calculate resonant frequency w,. The switching cycle is needed
to ensure that both resonant tanks derived by resonant frequencies w; and w, can
complete the half cycle. Since w; > w,. and therefore, to ensure that the zero-voltage
switching can be guaranteed, ws > wj is a sufficient condition [24]. Around 10% is
selected for their difference:

wy = 11w, fr = 1.1f, = 55 kHz (50)

10% is usually good enough for most of the component’s tolerance in L1, Ly, C1, and

(1) The impedance defines the ripple on the inductor. A small ripple of 5% as compared
to its DC value is used in the design. Equations (11) and (17) give the ripple equation:

21V, Ts

3Z,T, (1)

AlLl,

where, Z, = / CLZ wy = ﬁ, hence, it gives Z, =288 Q).

2) The L and C values of the resonant tanks are calculated by impedance equations and
y imp q
gives: L1 =Ly =L =042mH C; = C; = C=0.01 pF 0.01 pF and 0.5 mH are used in
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the circuit prototype. In the circuit, the L; and L; are of less current than the input,
the inductor used is RM12 of effective volume 8320 mm?. The output inductor is of a
similar current; the same size is used for simplicity.

(38) The load is represented by a resistor with L; that is large to be regarded as a cur-
rent sink.

(4) The switching devices’ rating voltage is derived from the amplitude of Vy and V.
Using Equations (16) and (17), V, =28.8 V, V}, = 28.8 V. 100 V devices are selected for
the prototype.

(5) The current passing through the switching devices S, is equal to its production
summation of duty ratio and the summation of the inductor current during Stage 1
and 2:

Isp = d(iLl + iLZ) for0<t<t (52)

where d is the duty ratio and its equal to 0.5, therefore, the average current passes
through the switching devices is 2 A.

(6) The current passing through switching device S is shown in stage 3 and 4. Its current
is the difference between the input current and inductor current

d(Iin — iLl) forty <t <ty (53)

Therefore, the average current of S; is then 2 A.

(7) The voltage ratings of the diodes are obtained by their voltage impressed to them
during the off-stage. This can be deduced from Section 4. The voltage rating of Dy,
Dy, Dy, and Dy, are, respectively:

Vpop = Vi = 28.8V (54)
Vpr = V, = 28.8V (55)

Vy
Vo = Voo = 5 = 144V. (56)

(8) The current ratings of the didoes are deduced from their average current and are
shown below:

Ipgs = dI, = 1A (57)
I, = dl, = 1A. (58)
d
Ip1c = Ipoa = E(Iin -I,)=1A (59)

6. Experimental Results

The above converter was constructed to verify the proposed theory. The Bill of
Materials (BoM) for the experiment is as follows:

Ly =L;=L; =05mH, C; = C, =0.01 uF, D; = Dy =45V 16 A Schottky, S; and
S, =100 V 10 mQ) Mosfet.

The inductors were constructed using the conventional high-frequency inductor
method on ferrite cores [28]. The capacitors are polypropylene capacitors. The semi-
conductors are using a higher current rating for better thermal performance in order to
produce a close to the idealized test. The test waveforms of the prototype are shown in
Figure 10. Again, a small overlapping, as illustrated in Figure 10a, between the two gate
signals to S; and S, are needed for the current source application. There is no voltage spike
during the switching of S; and S, because the resonant switching has been applied through
the parallel connection of two resonant capacitors C; and C; to S; and Sp. The resonant
voltage across the 51 and S5 is in a sinusoidal manner to create the zero-voltage switching,
as seen in Figure 10b. The voltage waveforms show that the voltage across the Mosfet Vs,
and Vg, are turned on and turned off under zero voltage. The voltage of S1, Vg1, is the
same as the input voltage. Figure 10c,d shows the inductor currents i7; and ij; and output
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current I,. The current through L; and L; is 1/3 of I;;;. Overall the results agree well with
the theoretical prediction.

5.000us BN oo ST AN 3 F O 13.2v 5.000us B (ST A 3 ¥ 6.40V
~ ; s = W,
' i { |V(;s1 , , { Vesi i)
i 23 : e
{ - : " - - t - 1
B ' ......... - ool B ST ST SO SO
! r 1 — \
B : § t ;VGSZ \ \
x ¥
04 LYI n A gi il = 3
MIFEE 10.0U CH2= 10.9U CH1= 10.8V CH2= 10.8V
(a) (b)
S .000us I b~ A 3 £ 2.58U 5.000us @R o~~~ 3 £ 7.20U
v P : I : =

CHi= 1i@.8u

CH2:=

2.00R
(c)

Figure 10. Measured waveforms for 1/3-type SDRSIC with [;;, =6 A and Ry =3 (), (a) Ch1 (B): Vs1;
Ch2 (R): Vgsp; (b) Ch2 (R): Vgs1; Chl (B): Vgq; Ch3 (G): Vgy; (¢) Chl (top): Vgsi; Ch2 (middle): irg;
Ch4 (bottom): ir; (d) Ch2 (top): Vso; Ch4 (middle): I;;,; Ch3 (bottom): L.

The experimental circuit of the converter was tested with various load conditions. The
setup of the testing was simple, as the power current was a bench power supply with a
current mode setting. The load was constructed by an inductor in series with a resistor
that was current sink load and was in duality to a capacitor in parallel with a resistor for
voltage output load.

The conversion ratio and the efficiency with load are shown in Figure 11. The conver-
sion ratio varied around 0.333 and 0.315 when the load changed from 1 to 5 () that only
slightly drops from idealized 1/3, and is also a common loading effect of power converters,
as shown in Figure 11a. The Mosfet loss was less significant and the diode loss was more
significant during light load. Figure 11b shows the efficiency. Maximum efficiency of
96% is measured at a heavy load of 5 (). The converter is the resonant version and the
soft-switching further reduces the switching loss and voltage transient. For the current
source converter, a load with higher resistance gives higher power because the output
power is given by I?R instead of V2/R. Higher Ry, or high output power usually implies
higher efficiency. It is expected that at a very light load, the conversion ratio is 1/3, and the
efficiency is getting lower further. The experimental results have also been compared with
the simulation, as shown in Figure 7. The maximum voltage impressed on the switches
is represented by Vs, which is 24.5 V which is the same as the experimental results. The
switched-current on L1 and L, were both varied between 2.05 A and 1.925 A with a mean
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Conversion ratio

0.335

0.33

0.325

0.32

0.315

0.31

0.305

of 1.99 A. This was the same as the experimental measurement of i;1 and i, as shown in
Figure 10c.

B
o 100%
S 90%
c
Q
O 80% —
£
c  70%
Rel
w
o 60%
>
c
S s0%
40%
" ) 3 4 S 1.00 2.00 3.00 4.00 5.00
Load RL (Q) Load RL (Q)
e [IN=2A ==l |in=4A lin=6A e [IN=2A === |[in=4A lin=6A
(a) (b)

Figure 11. Experimental results of conversion ratio and efficiency of the 1/3 type proposed converter
under I;;, =2 A — 6 A; (a) current ratio against output resistance, (b) conversion efficiency against load.

The photo of the prototype is shown in Figure 12. It can be seen that the size of the
inductor and the semiconductors of the circuit. The resistors are gate driver resistors. The
resonant capacitors are small and are soldered under the PCB and tightly connected to
the Mosfet.

Figure 12. The prototype converter.

7. Comparison with Voltage Mode Converters
7.1. Loss Analysis

The next analysis was to examine the performance of the proposed converter as
compared with others. The proposed current converter was now compared with other
voltage converters using the same conditions as shown in Section 5, i.e., they were all
in the same input voltage, current, power, and also switching frequency, a conventional
switched-capacitor resonant step-up converter (SWRSUC), as shown in Figure 13, of step-
up voltage conversion ratio of 3 [29] was used for the comparison. The same operation
condition and criteria, including the switching frequency, were used. The output ripple
was set at 5% of the DC average of the output. The equivalent current conversion is then
1/3. Both converters used two transistors and four diodes. SWRSUC used one resonant
inductor and four capacitors, whereas the proposed SDRSIC converter used two resonant
capacitors and three inductors. Therefore the component count between both converters
was similar. The power losses between the two power converters were compared and are
shown in Figure 14. The classical boost converter was also included as a reference. The
two converters under comparison are using voltage conversion of three, and hence, their
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current conversion ratio was 1/3, therefore, the comparisons were based on a fair manner
with the same current and voltage conversion ratio, and the same current, voltage, and
power. The switching loss exists in the Boost converter, but not the other two converters
because soft-switching is used for SWRSUC and SDRSIC. The conduction loss for diode
loss is higher in the proposed SDRSIC because the multiple diodes were used for parallel
and series arrangement of the switched-inductors, however, it had much less transistor
loss because it conducts less switched-inductor current. The inductor loss of SDRSIC was
low because of low resonant amplitude and lower DC current. The 1/3 current ratio in
this converter made each inductor lower loss and the inductance was small, whereas the
conventional boost converter had a large inductor and also its current was large. Although
even three inductors were used, the total size for inductors was small but compatible with
the conventional boost converter. Because the resonant method is used, the potential for
even high power density is promising. The capacitor loss was also low because the capacitor
was only used for resonance and its size was small, whereas, for the boost converter and
SWRSUC, the capacitors were for main energy storage with larger size and induced higher
loss. The overall loss of the proposed converter was less as compared with SWRSUC and
the classical boost converter.

1a 2a 1b 2b

EES Cia I Vetb T Cwb RL
Vipt ._/YWT T § IV°
C_D T C|

Figure 13. The conventional switched-capacitor resonant step-up converter (SWRSUC) used for
comparison.
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SDRSIC [ISWRSUC [Boost

Figure 14. Loss Comparison among different converters.

The power loss of the proposed converter is independent of the switching frequency
because zero-voltage switching is used. However, there was still a certain loss due to the
high-frequency loss in the wiring and reactive components. The present design was catered
for hundreds of kHz. The loss will be significant when the converter operates beyond MHz.

7.2. Power Density Analysis

It is interesting to compare the power density of the proposed converter with the
switched-capacitor resonant converter and the conventional boost converter. The use of
inductors for switched-inductor resonant converters as the energy storage is controversial.
The analysis is mainly to estimate energy storage in L and C. The other components, such
as semiconductors, are relatively small when surface-mount versions are used and are
ignored in the following calculation.
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The calculation is based on the three converters proposed in the loss analysis above.
The L and C for the switched-capacitor resonant converter are designed according to
Ref. [30], and the design of the L and C for boost converter is based on the classical ripple
equation [30]. Table 1 shows the L and C parameters and their side.

Table 1. Comparison of converter size and power density.

L Size (Ferrites or . .

C Air Core) C Size (Polyester) Total Size

Switched-inductor 8320 mm? (RM12) + 8320 3 3 3

SDRSIC 0.42 mH + 0.42 mH 0.01 uF + 0.01 uF mm? (RM12) 113 mm® + 113 mm 16,866 mm
Switched-capacitor 3 72,475 mm® + 18,924 3
SWRSUC 0.023 uH 180 uF + 47 uF + 47 uF 1570 mm?® (air-core) mm? + 18,924 mm> 111,893 mm:
Boost 148 uH 56 uF 4310 mm? (RM10) 21,460 mm? 25,770 mm?

The power density is, therefore, as shown in Table 2:
Table 2. The power density of the three converters.
SDRSIC SWRSUC Boost
1.18 W/em3 0.18 W/cm? 0.78 W/cm?

It can be seen that the proposed switched-inductor resonant converter has the highest
power density. Although the power density is not very high as compared with other latest
literature, the switching frequency for the present converter is just 50 kHz. The converter
is able to work at a higher frequency because of the resonant characteristics, hence, it
is expected the power density of the proposed converter increases with the switching
frequency. It has a high potential for higher power density frequency.

To compare with the switched-capacitor resonant converter, its capacitor size is large
because the electrolytic capacitor cannot be used for high-frequency operation. Only
polyester or polypropylene type can be used. The overall size is then large. The boost
converter’s power density is between that of the other two converters because it only needs
one capacitor and one inductor. However, its potential for further increase in power density
using a higher switching frequency is not possible due to its hard switching.

8. Discussion

Switched-inductor converters are an alternative method of power conversion that uses
inductors only as the power converter energy storage components. The current conversion
ratio is a fraction. The step-down version proposed here has been examined and verified
for its power conversion. Both non-inverting and inverting types of operation have been
examined. Using an additional resonant capacitor has been proven to reduce the switching
transient and is in a soft-switching mechanism. To extend and generalize the techniques, a
generation cell is illustrated for 1/n-order conversion development. The paper presents a
new method of current conversion using switching cells instead of current-mode control.
The mathematics developed is beautiful using the resonant analysis and matches well in
power conversion, resonant states, and steady-state. The key contribution is to promote
a current-mode power converter and its duality method of generation. A new concept of
switching inductors with soft-switching and its generalized equations of the 1/#n-order
circuits are proposed. The switching is conducted under zero-voltage switching for loss
improvement. The loss comparison among other classical switched-capacitor under-voltage
modes and the classical boost converter is made. A preferable low loss feature is found in
the proposed converter.

The converter finds its potential in the current drive, including the current settings to
the charger for battery systems. Different C-rate charging can be realized by the proposed
circuit. The proposed converter has a future variation in coupling inductor and tapped
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inductor to enrich the future switched-inductor design such that switched-capacitor design
cannot. Another application is the connection to the PV units that is a current-source.
PV has extensive application in the feed-in tariff that increases its installation widely.
The current output can therefore be converted to other ratios easily using the proposed
technology. Even the battery charger is a current source. The proposed converters work
well with the current load. Energy storage such as magnetic energy storage is current-based.
The high flux density magnetic devices are emerging, so the energy storage design of the
inductor is now higher than a capacitor. The lifetime of inductive energy storage is usually
higher than capacitive devices. The preparation of the next era of current-mode power
conversion is needed. Also, the breakdown in capacitors is much easier than inductive.
For component recycling, the inductor is much easier than the capacitor near the end of
life. Therefore there is a high potential for more inductor/current-based conversion in the
future and its research work should be well prepared.

9. Conclusions

A current-mode switched-inductor circuit family has been presented and possesses the
resonant soft-switching feature. The family consists of step-down, step-up, and inverting
power conversion. The work proposed in the paper has presented the principle, operation,
and series of circuits. It has come with equations, formation, design methods, and a number
of modes of operations. The experimental results confirm the operation and proof of the
concept. It also shows the readers the deadtime needed for the current mode. The presented
material is a good tutorial paper as well as a good practical research paper.
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