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Low-Power Multichannel Wireless Transmitter

Weijian Jin, Albert Ting Leung Lee

Abstract—In this paper, a nonisolated dc—ac inverter topology,
which enables a true single-stage direct conversion from a single
dc input supply to multiple ac output power sources by using only
one inductor in the power stage, is proposed. Compared with the
conventional multiple-output parallel half-bridge or full-bridge in-
verters, the proposed single-stage single-inductor multiple-output
(SIMO) inverter topology achieves a smaller number of inductors
and power switches, high power density, scalability to multiple ac
outputs, and independent power controllability for each ac output.
A useful application of the proposed SIMO inverter is to drive an
array of transmitting coils simultaneously for wireless power trans-
fer applications. An experimental prototype has been developed
to demonstrate the effectiveness of a single-inductor three-output
boost-derived inverter without cross regulation. Experimental re-
sults show that precise and independent peak voltage regulation of
each individual sinusoidal ac output is attainable with the proposed
SIMO inverter.

Index Terms—DC—AC power conversion, inverter, single-
inductor multiple-output (SIMO), wireless power transfer.

I. INTRODUCTION

GROWING number of dc—dc single-inductor multiple-
A output (SIMO) converters has been reported over the
recent years [ 1]-[14]. These dc—dc SIMO converters are applica-
ble in a myriad of applications, such as portable microelectronic
devices, multistring LED drivers, microprocessors, and wireless
microsensors, which require multiple regulated dc power sup-
plies. As power inductors used in switching converters are bulky
and difficult to integrate, the sharing of one common inductor
for multiple loads with different voltage requirements, collec-
tively known as SIMO, has emerged as an attractive solution for
such applications. This is spurred by their advantages of small
form factor, high power density, high efficiency, scalability, and
low cost.
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Fig. 1. System architecture of the conventional power supply for multicoil
wireless transmitter.

Yet, the conventional SIMO converter topologies primarily
deal with de—dc power conversion. From a single dc input sup-
ply, they can generate multiple dc power sources using only a
single inductor. Nonetheless, the concept of SIMO should not, in
any way, be confined to dc—dc power conversion. It can also be
extended to other types of power conversion. More recently,
a single-stage ac—dc SIMO LED driver has been proposed,
whereby a universal ac supply voltage is directly transformed
into multiple independently controlled dc output currents for
multistring LED applications [15].

The motivation of the work in this paper is to explore a new se-
ries of SIMO-based topology, which achieves a true single-stage
dc—ac power conversion through a simplified circuit structure
and reduced control complexity. These dc—ac SIMO inverters
can be used in various applications that require multiple inde-
pendently controlled ac power sources. For instance, they can be
used to deliver ac power simultaneously to multiple transmitting
coils in an inductively coupled wireless power transfer system.
Each ac output of the SIMO inverter can be connected to an
inductive load. Conventional multicoil transmitter architecture
employs multiple power converters, one for each transmitting
coil, in order to beam-form the magnetic field to the correspond-
ing receivers for wireless power transfer [16]-[20]. Typically,
the power stage of each transmitter comprises a full-bridge in-
verter and a parallel LCL resonant network [20]. Fig. 1 depicts
the system architecture of the conventional multicoil wireless
transmitter.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2. System architecture of a three-stage power conversion topology for

multicoil wireless transmitter.

The power transmitter is based on the full-bridge phase-shift
inverter. The full-bridge inverter is powered from a single dc
input voltage Vj,. It delivers energy to the output in the form of
electromagnetic field generated by the matching inductor L,;,
the resonant capacitor Cj;, and the primary transmitting coil
Lyi, where i represents the output number. A major drawback
of this dc—ac topology is that the number of inverters is directly
proportional to the number of transmitting coils, as illustrated
in Fig. 1. This leads to a large form factor and higher cost when
multiple transmission coils are required.

On the other hand, a three-stage power conversion architec-
ture for driving multiple transmitting coils has been reported in
[20]-[25]. It is made up of three separate stages, as illustrated
in Fig. 2. The first stage is a dc—ac inverter, which is usually
implemented by a full-bridge inverter. The second stage is a
power demultiplexer, which enables one or more resonant gen-
eration circuits to be connected to the inverter. The third stage is
a resonant circuit, which includes a capacitor and a transmitting
coil. Although only one inverter is required in the three-stage ar-
chitecture, the implementation of its power demultiplexer stage
requires the use of multiple relays, such as electromechanical
relays, solid-state relays or FET switches (e.g., CMOS transis-
tors). As the number of ac load increases, more discrete relays
are needed that leads to a larger form factor, increased power
loss, and higher cost. Moreover, with the three-stage configura-
tion two different sets of controllers (i.e., one for the full-bridge
inverter and the other for the power demultiplexer) are required.
A high number of loads will greatly complicate the controller
design. Therefore, it has been a major challenge to achieve a
compact and low-cost dc—ac power supply for applications with
a flexible number of independent ac loads.

In view of these issues, in this paper, a single-stage dc—ac
SIMO power converter, also referred to as SIMO inverter, which
employs a single inductor to deliver energy to multiple ac loads
concurrently, is proposed. Fundamentally, the idea is to have
the functions of a conventional dc—dc SIMO topology and that
of the dc—ac stage (i.e., the resonant tank) combined into a sin-
gle stage in the SIMO inverter. To achieve the same number
of ac outputs, the proposed SIMO inverter is superior to the
existing solutions because it requires fewer number of power
switches, gate drivers, and passive components in attaining
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Fig. 3. System architecture of the proposed single-stage SIMO inverter.

robust dc—ac power conversion and high power efficiency. No
isolated transformer is used in the proposed SIMO inverter,
which substantially reduces the overall form factor and increases
the power density. Moreover, the proposed inverter requires only
a one-stage dc—ac power conversion, which enables the use of
only one controller to simultaneously regulate all the ac output
voltages. Therefore, the control scheme is simple and scalable,
even for a high number of ac loads. Hence, the proposed SIMO
inverter is compact, efficient, and cost effective. It is especially
suitable for flexible multicoil systems in wireless power transfer
applications.

II. SYSTEM ARCHITECTURE OF THE SINGLE-STAGE
SIMO INVERTER

Fig. 3 shows the system architecture of the proposed SIMO
inverter, which comprises one main inductor, multiple power
switches, and LC resonant tanks corresponding to the num-
ber of ac output. The proposed SIMO inverter operates in the
discontinuous conduction mode (DCM) of operation. The dc
voltage source is converted into current source pulses by the
main inductor, of which the stored energy is subsequently re-
leased separately to each of the resonant tanks in a round-robin
time-multiplexed manner. The resonant tank, which may be
implemented as a parallel combination of a resonant induc-
tor and capacitor, converts the dc current pulse into an ac power
source varying at the resonant frequency. Each of these ac power
sources drives an output load. The control of the loads is inde-
pendently driven. They are fully decoupled from one another
with no cross interference. The output powers are individually
controlled by adjusting the corresponding on-time duty ratio of
the main power switch. The proposed SIMO topology is particu-
larly suitable for low power wireless power transfer applications.
The main inductor L acts as a current source that delivers the
storage energy to each of the ac outputs sequentially. In theory,
the maximum output power delivered is limited by the storage
energy of the main inductor L, which is determined by its in-
ductance and maximum current rating. Since there is only one
single inductor in the power stage, the maximum power deliv-
ered to each output is quite limited. Also, this SIMO topology
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TABLE I
COMPARISON OF THE PROPOSED SIMO INVERTER AGAINST PRIOR ARTS

Total Number of Outputs ~ Power Stage Topology  Total Number of Capacitors  Total Number of Diodes  Total Number of Switches
Modepalli et al. [1] 3 Buck only 3 4 2
Zheng et al. [2] 4 Buck-Boost 4 0 7
Chen and Fayed [3] 5 Buck only 5 0 9
Sun et al. [4] 2 Buck only 2 0 4
Zhang and Ma. [5] 2 Buck only 2 0 7
Kim et al. [6] 3 Buck only 4 5 5
Lee et al. [7] 2 Buck only 3 0 4
Chen et al. [8] 3 Boost only 3 0 7
Chou et al. [9] 2 Buck only 2 0 4
Jing et al. [10] 2 Boost only 2 0 4
Xuetal [11] 2 Buck only 3 0 4
Ma et al. [12] 2 Boost only 2 0 4
Ma et al. [13] 2 Boost only 2 0 3
Guo et al. [15] 3 Buck only 3 4 4
This Work 3 Boost only 3 4 4

operating in DCM assumes light load conditions as it can attain
a higher efficiency with a smaller conduction losses. Hence, in
practice, the proposed topology can be used as a low-power
multichannel wireless transmitter for simultaneously charging
multiple mobile devices.

It is also interesting to compare the proposed SIMO inverter
with the previously implemented SIMO converters [1]-[13],
[15], as shown in Table I, in terms of the total number of out-
puts, power stage topology, and the total number of passive
components and switches. It is important to note that the previ-
ously reported SIMOs [1]-[13] are dc—dc converters, whereas
the SIMO LED driver reported in [15] is an ac—dc converter.
In contrast, the proposed SIMO is a dc—ac converter (inverter).
According to Table I, for a three-output SIMO, the total number
of passive components and switches required by the proposed
SIMO inverter is comparable with that of its SIMO counterparts
(11, [ol, [8], [15].

In wireless power transfer applications, the loads are the in-
ductive transmitter coil. Power is transferred from the trans-
mitter coil through magnetic coupling to the receiving coil of
a compatible load placed in close proximity to the transmitter
coil. Since the resonant inductor is connected in parallel with
the transmitter coil, the inductance value of the former should
be much smaller than that of the latter. This ensures that the
resonant frequency will not be changed significantly even if the
transmitter coil is loaded.

In comparison with the common approach of using several
single-output inverters or recently proposed prior arts, such as
multiple-output series resonant inverter, multiple-output boost
resonant inverter or multiple-output resonant matrix converter
[25]-[31], the proposed SIMO inverter topology employs the
smallest number of inductors, power switches, and gate drivers
to achieve a reliable and efficient dc—ac power conversion with
multiple outputs. Moreover, the proposed inverter performs only
a one-stage power conversion and requires a single consolidated
controller for the purpose. This substantially simplifies the con-
trol implementation and design.

In general, the proposed SIMO inverter can be configured as
buck, boost, or buck-boost types. For illustration purpose, the

“boost-type” SIMO inverter will be explained in detail in the
following sections.

III. BOOST SIMO INVERTER

Without loss of generality, the operating modes of a single-
stage single-inductor three-output (SITO) boost inverter will be
explained.

A. Circuit Topology

Fig. 4 depicts the circuit diagram of the proposed SITO boost
inverter, which converts a single dc input voltage Vj, into three
independent ac output voltages V1, V,2, and V3. It employs
a total of four power switches, namely one main switch Spin
and three output switches, i.e., Sou1, Souz, and Sous. The cur-
rents flowing across Sou1, Sou, and Soug are 1,1, 1,9, and 1,3,
respectively. L is the main inductor and its current flow is Iy .
Each of the three output branches is characterized by a parallel
LC resonant tank, i.e., (Lo1, Co1), (Lo2, Co2), or (Los, Co3),
which is an integral part of the power stage, as well as the
inductive loads, i.e., L7y, Lo, and Lpg.

The function of diode Dy, is to prevent an unintended cur-
rent from flowing from ground to the negative output via the
body diode of Sy, in the second subinterval of DCM (i.e.,
discharging phase) during which S, is turned OFF and the
corresponding output switch is turned ON. Likewise, the output
branch diodes (D,1, D,2, D,3) is added to prevent an unde-
sirable opposite current flow from the ac output to the dc in-
put via the corresponding body diodes of the output switches
(Dbody-so1s Doody_so2s Dbody_so3) during the time interval when
the instantaneous output voltage is larger than the input dc
voltage. Diode pairs (Do1, Dpody_so1), (Do2;, Dbody_so2), and
(Do3, Dpoday_so3) are effectively back-to-back diode structures
that enforces a unidirectional current flow from the inductor to
each of the three LC resonant tanks.

B. Waveforms and Equivalent Circuits

Fig. 5(a) shows the ideal waveforms of the status of all the
switches and the corresponding circuits currents. The inverter
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Fig. 4. Circuit diagram of the proposed single-stage SITO boost inverter.

operates in DCM at a fixed frequency with a switching period 7.
Fig. 5(b) illustrates the corresponding switching sequence of the
SITO inverter. For simplicity, the main diode and output branch
diodes are omitted. Here, the on-time duty ratios associated with
the first, second, and third outputs are uniquely represented as
Dont, Donz, and Dyp3, respectively. The illustration here is for
the general case of the inverter having different ac loads at its
output.

C. Operating Modes

For the SITO inverter, there are three distinct modes of op-
eration in each switching period 7. Without loss of generality,
the first output is used as an example for illustration purpose.

1) Mode 1 (from time % to ¢;): The main switch Sy, iS

turned ON and all the output switches are turned OFF.
The inductor current /; ramps up with a rising slope of
my = Viy/L. At the end of Mode 1, the inductor current
reaches its peak value I7, ,x, and can be mathematically
expressed as

Vi
IL,pk =my Don Ty = (T) Doni T (D
where Dy, is the on-time duty ratio of the first output. When
the inductor current reaches the peak value I, py, the inverter
transits from Mode 1 to Mode 2. Mode 1 for the first output is

-
D, | 1 g i
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annotated as (1-1) in Fig. 5. Similarly, Mode 1 for the second

and third output are annotated as (2—1) and (3—1), respectively.

2) Mode 2 (from time t; to t9): The main switch Spyin iS

turned OFF and the first output switch S,y is turned

ON while the other two output switches, i.e., Souz and

Sous, are OFF. The inductor current I ramps down with

a falling slope of my = [Viy — Vouu (¢)]/L until it re-

turns to zero. Vo (t) represents the instantaneous value

of the sinusoidal voltage of the first output. Since the

inverter operates as a boost converter during Mode 2,

ie., Vin < Vour(t), mo has a negative value that indi-

cates a falling slope. It should be noted that ms actually

varies with the instantaneous value of the sinusoidal out-

put voltage. The output voltage can be decoupled into a dc

(average) component and an ac component. As a first-

order approximation, only the dc component of the output

voltage is considered. Consequently, the down slope of

the inductor current mso can be represented as a straight

line, as depicted in Fig. 5(a), which can be mathematically
written as

(@)

where Vg, denotes the average output voltage for the first
output during Mode 2.
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Fig.5. (a)Ideal timing diagram of the main switch, output switches, inductor
current, and the current flowing through the main switch and the output switches
and (b) the corresponding switching sequence of the proposed SITO inverter.

The output switch S,y remains ON until the zero-crossing
of the inductor is detected. At the end of Mode 2, the inductor
is fully discharged and S,y is turned OFF under zero-current
condition. The inverter then transits from Mode 2 to Mode 3.
As shown in Fig. 5, Mode 2 of the first output is annotated as
(1-2), and that of the second and third outputs are annotated as
(2-2) and (3-2), respectively.

1) Mode 3 (from time ¢y to ¢3): All the switches are OFF.
I;, remains at zero during Mode 3 (also known as the
idle phase in DCM). Mode 3 of the first, second, and
third outputs are annotated as (1-3), (2-3), and (3-3),
respectively.
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The above switching process is repeated for the second and
third output in the next two switching cycles whereby Sy
remains OFF while Sy and S,y are alternatively switched ON.
Only one output switch can be turned ON in a switching cycle.
The stored energy in the main inductor is distributed across the
three outputs in a time-interleaving manner. The same switching
sequence can be scaled conveniently to a higher number of ac
outputs in a SIMO inverter. In particular, the energy transferring
from the shared inductor to each of the ac output loads can be
independently adjusted by varying the duty ratio of the inverter,
i.e., the on-time duration of the main switch Sy, , corresponding
to the individual output.

D. Switching Frequency

The switching frequency fi, of the proposed inverter is equiv-
alent to the resonant frequency of the LC resonant tank f,.
Mathematically, it can be expressed as follows:

i = 2o = 2y = e )
where wyy is the switching frequency in rad/s and the index i
denotes the ith output of the SIMO inverter.

For wireless power transfer applications, the switching (or
resonant) frequency follows that of the required standards, e.g.,
Qi wireless power standard ranges between 110 and 205 kHz
[32], [33]. For a particular resonant frequency, the appropriate
values of L, and C, in the resonant tank can, therefore, be
determined.

IV. THEORETICAL DERIVATIONS

For ease of discussion, only one output phase of the SITO
inverter is considered in the analysis.

A. Mode I1-Proof of Sinusoidal Oscillation

Fig. 6 shows the inverter in Mode 1 operation. The resonant
circuit and the inductive load are completely separated from the
dc power source. By applying KCL at the output node, the sum
of the branch currents in the resonant tank can be expressed as

ico(t) +iLo(t) +ir(t) = 0. (€]

By applying Laplace transform to (4), we have
Ieo(8) + Ino(s) 4+ Ir(s) = 0. (®)]

Due to the parallel connection of C, and L,, v,(t) =
voo(t) = vro(t). Then, the current through the resonant ca-
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pacitor C, in the time domain, i.e., i¢, (), can be expressed as
follows.

d t dv, (t
ico(t) = C, ”Z;()::cz i; ). 6)

By using Laplace transform, the current for the resonant
capacitor in (6) can be written as

Ico(s) = Co [sVeo(s) = Vo] = Co [sVo(s) = Vo] (D)

where Vi, and V,, represent the initial capacitor voltage and
the initial output voltage, respectively, at the beginning of Mode
1 (i.e., time = ty). Mathematically, Vi, = veo(to) and V, =
’U(,(to).
Likewise, the current through the resonant inductor L,; in
Laplace domain can be written as
VLU (3 ) 1 Lo

Tools) == =+ =

Vols) | Iro

sL, s
where Iy, represents the initial inductor current, i.e., Ir, =
L0 (o). Since the ac load is made up of the resistance Ry and
the inductance Ly of the transmit coil, the current flowing into
the ac load can be expressed as

Vo(s) + Ly Ir,
Lrs+ Ry
where I, represents the initial current value through the trans-

mit coil, i.e., I7, = ir (to).
By substituting (7)—(9) into (5), we have
Vo (s) n Io  Vo(s)+ Lrlr,
sL, s Lrs+ Ry

®)

Ir(s) = 9

C, [sV,(s) = Vo] +

By rearranging the terms in (10), the output voltage V/, (s) can
be expressed in the following form:
sL,Rr + 82L0LT
SQLOCO(RT + SLT) -+ S(Lo -+ LT) + R
I, sLoRr + s* Lo Ly
S S2LOCO(RT +8LT)+S(LO+LT)+RT

B LyIp, sLoRpr + SQLOLT

sLy + Ry s2L,C, (RT + SLT) + sLt + Rr

(11)
Since Ly >> L,, (11) can be simplified as
s

V,(s) = —as - 3 - 12

(S) aj 52 _|_w02 a2 52 _|_w02 + as s + 127; ( )
where
Ry L,L
w =V, = Ipg—g o — (13a)
Lr*+ Ry L,C,
Io It Ly?

= e 13b

2 Co Co LTZ + RTZLOCO ( )
Ry L,L
as = Iy, - # (13c¢)
L+ Rr°L,C,
and
1

o — . 13d

w, T O (13d)
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By applying inverse Laplace transform to (12), the output
voltage can be expressed in the time domain as follows:

Ry
0o (t) = Ay - cos(w,t) + By sin(w,t) + cre(FF)!

= A; cos(0) + By sin(0) + Cle_(lf%)t (14)

where A1 = a1, B; = ayw, !, C; = az,and § = w,t.

Notice that R >> Ly and as time 7 becomes larger (i.e., in
R

steady-state condition), e Tt tends toward zero, which means
that the last term in (14) drops out. Hence, (14) can be reduced
to (15) as follows:

Uo(t) = Ay cos(0) + By sin(6). (15)
Let sin(a) = ﬁ and cos(a) = \/ﬁ. Hence,

(15) can be reexpressed as

n(®) = (V422 + 517 eos(0) snfa) + sin(6) cos(e)]
_ (W) sin(0 + a)
_ <\/m> sin(wot + ).

Equation (16) shows that when the SIMO inverter operates
in Mode 1, the output voltage v, () is a pure sinusoidal signal
whose frequency is the same as the resonant frequency w, of
the LC resonant circuit.

(16)

B. Mode 2-Proof of Sinusoidal Oscillation

Fig. 7 shows the inverter in Mode 2 operation. By using KVL,
we have

Vin —vr(t) —v,(t) =0 a7

where vy, (t) is the instantaneous voltage across the main in-
ductor L and v, (t) is the instantaneous ac output voltage. By
applying Laplace Transform to (17), we have
Vin

?—L[SIL(S)_IL,peak]_‘/I)(S) =0 (18)
where I (s) is the inductor current, I}, peqx is the peak value of
the inductor current, and V,(s) is the output voltage.

Since I, peak = %, (18) can be rewritten as

Vin

= SLIL(s) + ViaDr T, — Vi(s) = 0 (19)
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where Dy, represents the on-time duty ratio in Mode 1. Note
that iz, (t) = ico(t) + iro(t) + 7 (t), and I1(s) is given by
the left-hand side of (10), with the exception that the initial con-
ditions are now based ontime = ¢y, wheret; = ty + Doy T5.
Hence, I}, (s) can be written as
Vo(s)

Iro
IL(S) =C, [SV()(S) _‘/o} + oL + %

Vo(s) + Ly Ir,
Lrs+ Ry
(20)

where ‘/:7 = Uo(tl)v IL() = ILO(tl) = IL,peaks and ITO -
it (t1).
By substituting (20) into (19) and rearranging it, we have

Vo(s) =

Vv RTLOLIL,peak < S )
o 2 1 1
Lt (L + Lo + %) s+ 1o T ooy

_ [ Lepeak | I7o L+ Lo 1
"
IroRy Lo L

1
[LT (L+L0+LRTL,L2“C“)] s+ Iy

T

n VinDoans + % 1
LCO 52 + Lng -+ L,,lc,, '

By letting w,? = ﬁ + ﬁ and applying inverse Laplace
transform to (21), the output voltage in the time domain can be
expressed in the general form as follows.

2D

Ry
0y (t) = Ay cos(8) + By sin(6) + ot L

(22)
where
AQ -V, - RTLOLIL,peakITo . VinLa (23&)
? LR7>L,C, L+1L,
Ly (L+ L, + LA 5eC)
By — i IL,peak ITo . L+L0
2 W ‘CO c, L+L,+ LRTLZTLZ,)CO
2D L
_ %VLM (23b)
Iro,RrL,L
Cy = Lot 2o (23¢)
Ly (L+ L, + LR L.Co L;Co)
T
VinLo
k= t 23d
z+z,"" (23d)

where u(?) is the unit step function, and = w; t. Similarly, by

Ry
considering that in steady-state condition, e T " tends to Zero,
which means that the third term in (22) can be neglected. Hence,
(22) becomes

U, (t) = Ag cos(0) + By sin(6) + k (24)
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where k denotes a constant dc offset, which is frequency inde-
pendent.

Let Sln(ﬁ) = \/ﬁ and COS(ﬁ) = \/ﬁ Hence,

(24) can be re-expressed as

(N/Ag? + Bﬁ) [cos(0) sin(B) + sin(0) cos(B)] + k
= (\/Af + BQQ) sin(f + 3) + k
= (\/Af + BQQ) sin(wit + B) + k.

Equation (25) shows that when the SIMO inverter operates
in Mode 2, the output voltage v, (t) is a pure sinusoidal signal

1
L,Co~

v, (t) =

(25)

whose frequency is given by w; = ﬁ

C. Mode 3-Proof of Sinusoidal Oscillation

Fig. 8 shows the inverter in Mode 3 operation. Since the res-
onant tank is also completely isolated from the main inductor L,
the circuit analysis is the same as that in Mode 1. The sinusoidal
output voltage in the time domain for Mode 3 can be represented
in the same form as in (16), except that the initial conditions for
the output voltage and resonant current in Mode 3 are derived
with respect to time ¢, (not %), i.e., the transition from Mode 2
to Mode 3. Also, the frequency of the sinusoidal output voltage
in Mode 3 is identical to that in Mode 1, i.e., w, = ﬁ

D. Generalized Mathematical Description

The instantaneous output voltage of the three operating modes
derived above is only specific to the first switching cycle (from
time £ to ¢3). The closed-form expression of the output voltage
for the three operating modes in steady-state condition can be
generalized across any switching cycles as follows.

Mode 1: For

t€(to+nT,ty +nT),v,(t) = <\/A12 + BIQ> sin(w,t + )

(26)

where
. LRy Ly )
A1 = vo(to +nT) — ip(to + nT) [ —s LT
1= vollo ) =it )(LT2+RT2LUCO

i (tg + nT
B, — +T(0 )(

C, woC\y

1 |ipo1(to +nT)
wo

Lp?
Ly?+ Rp2L,C,

A
-1 1
« = sin _—
<\/A12+B12>
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and 7 is an integer.
Mode 2: For

te (t1 +nT,ta +nT),v,(t)

= (x/AQQ +BQQ> sin(wit + 8) + k (27)
where
Ry Lo LIp peakir (t1 + nT) VinL,

Ay = Uo(tl + nT) —

Ly (L+Lo+%) L+ L,

By — i IL,peak [To . L +L0
ol o TG, L+ I, + LECLC
T
27 Dont Vin Lown
L+ L,
VinLo
k= L—T—Lou(t)’ and

B =sin"! L .
/A22 +B22
Mode 3: For

te {ts+nT, (ty +T) +nT}, v, (1)

= <\/ A32 + Bg2> sin(w[,t + 5)

(28)
where

LRy L
Ag:vo(t2+nT)—iT(t2+nT)( Tor )

LT2 +RT2LOCO
it (to +nT)<

By = —
Wo

1 |igo1(ta +nT)
C, w,C,

L7?
2 2
Lr*+ Rr°L,C,

A
§=sin ! | —2 |,
/ A32 + 332
V. SIMULATION VERIFICATION

Time-domain simulations are performed using the PSIM soft-
ware to verify the feasibility of the proposed SITO boost inverter
based on the design specifications listed in Table II. Without loss
of generality, the following simulation and experimental verifi-
cation assume that each output is connected to a pure resistive
load (i.e., Ry1 or Ryo or Rp3).

First, a balanced load condition is considered in which the
three sinusoidal output voltages have the same frequency and
magnitude. Fig. 9 shows the simulated waveforms of the SITO
boost inverter with three identical loads. The RMS value of each
of the three output voltages is around 4.61 V. The frequency of
the output voltage is 111 kHz. Notice that the phase difference
between any two outputs is 120°. In general, for a SIMO inverter
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TABLE II
DESIGN SPECIFICATIONS OF THE PROPOSED SITO BOOST INVERTERS

Design Parameter Value
Input voltage (Vin) 37V
Switching Frequency ( fow) 111 kHz
Main Inductor (L) 2.4 uH
ESR of the main inductor 20 m§2
Capacitor in the resonant tank (Cy1, Ch2, Co3) 0.3 uF
ESR of the resonant capacitor 6 mS2
Inductor in the resonant tank (L1, L2, Lo3) 6.8 uH
ESR of the resonant inductor 15 mQ
Load resistor (R71, Rra, Rr3) 50
Forward voltage drop (V) across the diode 025V

with a total of N outputs, the phase difference between any two
outputs is given by 27 /N.

Next, an unbalanced load condition is investigated in which
the three sinusoidal output voltages have the same frequency but
different amplitudes. Fig. 10 shows the corresponding simulated
waveforms. Given an input voltage of 3.7 V, the rms voltage
values for the first, second, and third output are 3.31, 4, and
4.7 V, respectively. Unlike the previous case of balanced load,
the inductor current /;, exhibits distinct peak values for each of
the three outputs in the unbalanced load scenario.

Overall, the simulation results show that the proposed SITO
inverter is capable of producing high-quality sine wave at each
individual output with very low harmonics regardless if the load
is balanced or unbalanced.

VI. EXPERIMENTAL RESULTS

Fig. 11 shows a photograph of the SITO inverter prototype
with design specifications provided in Table II. Table III lists
the components of the experimental prototype.

In the first experiment, the SITO inverter is configured in
such a way that only the first output is enabled while the other
two outputs are disabled. Fig. 12 shows an expanded view of
the measured inductor current I, the output voltage V1, and
the gate drive signals of the main switch Sy, and the output
switch Syu1- As shown, V,,; appears as a smooth sine wave with
a measured rms value of 5.129 V and a fundamental frequency
of around 111 kHz. The peak value of the measured inductor
current is around 2 A. The pulse width modulation (PWM) duty
ratio of Syin is chosen to be 10% of the switching period. It
is also shown that the inverter operates in DCM and that the
inductor current returns to zero at the end of each switching
cycle. The output switch Sy is turned OFF at the zero-crossing
of the inductor current I to achieve zero current switching
(ZCS).

Fig. 13 shows the results of the inverter in which the PWM
duty ratio is increased from 10% to 20%. As shown, V,,; remains
fairly sinusoidal varying at 111 kHz, while the RMS value in-
creases from 5.129 to 7.627 V. The peak value of the inductor
current is increased to almost 4 A due to an increase in the PWM
duty ratio of the main switch.

In the second experiment, the hardware prototype is config-
ured as a SITO boost inverter and each of the three outputs are
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Fig. 9. Simulated waveforms for the SITO boost inverter with three identical loads.
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Fig. 10.  Simulated waveforms for the SITO boost inverter with three distinct output voltages.
Output switch A = connected to a resistive load of the same value. This is also
- = referred to as a balanced load condition.
e e id 2 Fig. 14(a) shows the measured waveforms of the inductor
o deput sitth 12| 2 current /7, and the corresponding output voltage (V,1, V2, and
' " - V,3) at each of the three independently driven outputs. The
- : experimental results show that the SITO boost inverter produces
ain power switch . . .
12cm g O three sinusoidal output voltages simultaneously that carry the
0""’“"""‘"‘ i same frequency (i.e., 111 kHz) and a phase difference of 120°.
The measured rms values of the three output voltages are 7.40,
7.59, and 7.32 V, respectively. The on-time duty ratio of Spin
is fixed at 10% for each of the three outputs. Fig. 14(b) shows
the corresponding switching sequence for the gate drive signals
of all the switches.
P AR In the third experiment, the SITO boost inverter is operated
'——'—MINOK MARK 1 o to generate different peak voltage amplitudes among the three
KRR | L 1 m ill!lh ﬁ I | m I:] I llhlllll outputs to drive an unbalanced load. Fig. 15(a) shows the mea-
S i sured waveforms of I, V,1, Vye, and V3. Clearly, the three
Fig. 11. Experimental prototype of the proposed single-stage de-ac SITO  sinusoidal output voltages have distinct rms values (V,1, Vo2,

boost inverter.

and V,3 are 4.935, 3.369, and 4.144 V, respectively). The
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TABLE III
LisT OF COMPONENTS USED IN PROTOTYPE

Component Part No. Component Part No.
Main Inductor (L) Custom-made Resonant capacitor (Cy1, Co2, Co3) ECW-F6304HL
Power MOSFET STP27N3LH5 Resonant inductor (Ly1, Lo2, Log) Custom-made
Gate driver for main switch LTC4440EMS8E#PBF Branch diode (D,1, Dy2, Dy3) SBR10U40CTFP
Gate driver for output switch ~ LTC4440EMS8E#PBF Output resistor (Rr1, Rr2, Rr3) HS50-50R-F
[S0-X 30244, MS2161663 ThuDec 01 21:3330 2016 DS0- 30244, MYS2161663 Tha Dec 01 18.01:52 2016
20047 2 500V 100V 4 100V 00: [ T0005F |  Stop 2 7.00v 5.004/ 200w/ 200V 4 200/ -2 9005 10,005/ Ao £ 8.00v
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cumen . i | Inductof current | . |
A ] ] | I ! i 1 1 4 ! oo Al AR Yeop s Iy ik & bla AR AANAARA High Ries
1 | L O O E’EIEIESa!’; ; JUU T ﬂ-e'-'-'-ld-'af'-rf'-'r-f"-'u '#‘L“-'ﬁ"l}f.b.{".dﬁ- WAALS i-f-'uii"-? Wlly 200658
N —— i il s LI - Output voltage at the first out, Vi L | e
Gate drive signals for main switch (S, ;) and outgut switch (S, 3 { ! Channels
ey p= /‘p-.\ = p= = r r = ™ Channels 0 B - . - .
1 Stecte || [Soued | j : 0 £ 50.0:1
! ‘| I 50,0 _|output boltage at the secondoutput Vi, | | [T T T LT T T T o 50.0:1)
i _ oc 5001 :\ i 5 _Fr!::.;suram_ents
.Fw:"[jzswemems * 110.8kHz
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Fig. 12.  Measured waveforms for the inductor current /7, , output voltage V1,
and gate drive signals of the main switch Sp,in and the output switch Sqy with
a PWM duty ratio of 10%.
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Fig. 13.  Measured waveforms for the inductor current /7, , output voltage V1,
and gate drive signals of the main switch Sp,in and the output switch Sqy with
a PWM duty ratio of 20%.

frequency of all the three sinusoidal output voltages is 111 kHz.
On the other hand, voltage spikes are seen in the measured
output voltage at the time instant when the main switch Sy, 1S
turned OFF and one of the output switches is turned ON, i.e., when
the proposed SITO inverter transitions from Mode 1 to Mode
2. Such voltage transients are mainly attributed to the sudden
in-rush current flowing from the inductor to the resonant tank at
the beginning of Mode 2. In addition, since the three resonant
tanks in the experimental prototype are resonating at the same
frequency and they are physically placed in close proximity
to each other, a voltage transient in one output can potentially
induce an unwanted voltage spike in the neighboring output
due to electromagnetic interference and cross-interference, as
indicated in Fig. 15(a). Fig. 15(b) depicts the gate drive wave-
forms of Shain, Soutts Sourz, and Sy It clearly shows that the
rms value for a particular output voltage is dependent on the
corresponding duty ratio.

D0 30044, MYS2 161669 Thu Dec D1 181311 2016
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50005/ Auto ¥ 800V
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R I
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4
*|Gate drive signal for the third output switch (5,..,)
I t
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N

r il
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6.94V
AC AMS - Cycl3)
5.94V
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Fig. 14.  (a) Measured waveforms for the inductor current /7 and the three
output voltages (V,1, Voa, Vo3) of the proposed SITO boost inverter and
(b) the switching sequence for the gate drive signals of the main switch Sain
and the three output switches (Sout1, Sou2, Sout3)-

For all practical purposes, instead of loading the proposed
SITO inverter with resistors, each of the three outputs in the
experimental prototype is now connected to an off-the-shelf
transmitting coil that is coupled with a loaded receiving coil
in order to mimic a real scenario of wireless power transfer.
Fig. 16 shows the experimental setup of the proposed SITO
inverter loaded with a pair of transmitting coil (part number:
760308100110 from Wurth Electronics) and receiving coil (part
number: 760308103211 from Wurth Electronics) at each out-
put. The SITO inverter essentially becomes a low-power three-
channel wireless power transmitter.

Fig. 17 shows the frequency spectrum of the sinusoidal output
voltage waveforms corresponding to the first, second, and third
channel of the wireless power transmitter under the balanced
load condition. The frequency spectrum is obtained by enabling
the fast Fourier transform function on the oscilloscope. The
output voltage is measured at the receiver side. Notice that the
output voltage in each channel is a clean sine wave with a funda-
mental frequency of around 111 kHz. There are no observable
voltage spikes in the measured output voltage waveforms. The
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Fig. 15. (a) Measured waveforms for the inductor current /7 and the three

output voltages (V,1, Vo2, Vo3) of the proposed SITO boost inverter and
(b) the switching sequence between the main switch Spain and the three output
switches (Soulh Sou2, Soul3)~

,‘L

Low-p: three-channel
wireless transmitter

Fig. 16. Experimental setup of the low-power three-channel wireless power
transmitter with a pair of TX and RX coils at each of the three channels to mimic
practical wireless power transfer.

measured peak-to-peak amplitudes for the three output voltages
are in close agreement with each other. In addition, Table IV
tabulates the measured rms amplitude of the first harmonic (i.e.,
fundamental frequency) as well as the first six harmonics of the
fundamental. The measured total harmonic distortion is only
2.46%.

The unbalanced load condition is also investigated using the
same experimental setup as shown in Fig. 16. Fig. 18 shows
the measured waveforms for the three output voltages with
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Fig. 17.  Frequency spectrum of the sinusoidal output voltage for the (a) first

output, (b) second output, and (c) third output of the proposed SITO inverter (as
shown in channel 4).

TABLE IV
MEASURED HARMONIC CONTENTS OF THE OUTPUT VOLTAGE WAVEFORM

Frequency (kHz)  Harmonic#  Measured Vimps (V)
111 1 5.19

222 2 0.126

333 3 0.0148

444 4 0.0094

555 5 0.00403

666 6 0.00403

777 7 0.00574

different peak-to-peak amplitudes. The output voltage wave-
forms continue to appear as a smooth sine wave with a funda-
mental frequency of around 111 kHz.

In summary, the experimental results demonstrate the effec-
tiveness of the proposed SITO inverter in generating three si-
nusoidal output voltages with independent peak values from a
single dc power supply. Given an input power of 7.1 W, the
measured power efficiency of the SITO inverter at the rated
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Fig. 18. Measured waveforms for the three sinusoidal output voltages in the
unbalanced load condition.

output power of 2 W per output channel (i.e., total output power
of 6 W) is around 84.5%.

VII. CONCLUSION

A single-stage dc—ac SIMO inverter, which employs a sin-
gle inductor to generate multiple independent sinusoidal output
voltages, is proposed. By adjusting the PWM duty ratio of the
main power switch corresponding to each output, the magnitude
of each individual output voltage can be independently con-
trolled. A practical application for the proposed SIMO inverter is
to drive an array of transmitter coils in a multiple-antenna wire-
less power transfer system. The advantages of the proposed in-
verter topology include scalability to multiple outputs, a smaller
component count, reduced bill of materials (BOM) cost, ease
of implementation, and increased power density. Both the sim-
ulation and experimental results corroborate the effectiveness
of the SITO inverter in achieving precise and independent peak
voltage control across the three individual sinusoidal outputs
with no noticeable cross-regulation.
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