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1. Introduction

A conventional approach to generate multiple independent DC supply voltages from a single DC voltage
source is to use multiple DC-DC switching converters. Specifically, NV single-output DC-DC switching converters
are employed to produce N independent output voltages, which in turn requires N inductors. However, off-chip
inductors are typically the bulkiest and heaviest components in a switch mode power supply (SMPS), making them
difficult to integrate and miniaturize in DC-DC converter designs. To overcome this limitation, single-inductor
multiple-output (SIMO) DC-DC converter, which uses only a single inductor in the power stage, have emerged as
an attractive solution, which offers high compactness, reduced weight and lower cost [1-15]. These converters are
widely used in power management ICs (PMICs) for system-on-chip (SoCs), microcontrollers (MCUs), and field
programmable gate array (FPGAs), as well as in multistring LED drivers and battery-powered portable devices
that require multiple supply rails.

Beyond DC-DC power conversion, the SIMO concept has also been extended to DC-AC power conversion. A
new non-isolated DC-AC inverter topology, known as SIMO DC-AC boost inverter, was first introduced in [16,17].
Fundamentally, this inverter topology is formulated by appropriately integrating the functions of a conventional
SIMO DC-DC converter with DC-AC resonant circuits. As a result, it can convert a single DC source into multiple
independent sinusoidal-like AC outputs while requiring only one inductor in the power stage. Compared to
traditional full-bridge inverters, this single-stage SIMO inverter is particularly advantageous for powering multiple
transmitting coils in a multi-coil wireless power transfer (MC-WPT) system due to its simpler circuit structure,
smaller size, lower cost, and greater flexibility and scalability.

Similar to its DC-DC counterpart, the SIMO inverter can be realized in buck-only, boost-only, or buck-boost
configurations. In particular, a novel inverting buck-boost SIMO inverter was subsequently introduced in [18].
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This topology enables single-stage DC-AC conversion from a single DC power source into multiple independent
AC output voltages, with RMS values that can be either higher or lower than the input DC voltage. Besides, the
SIMO inverter can operate in pseudo-continuous conduction mode (PCCM), where a higher average inductor
current enables increased output power.

To further broaden the scope of the SIMO concept, its capability to simultaneously perform both DC-DC and
DC-AC power conversions has also been explored. In [19], a SIMO DC-AC/DC hybrid converter capable of
generating multiple AC and DC outputs was proposed. Indeed, this topology constitutes a significant improvement
over conventional hybrid converters, including single-stage and two-stage boost-derived hybrid converters
(BDHCs) [20,21], modified BDHCs [22—24], and quadratic BDHCs [25]. In particular, the proposed SIMO hybrid
converter exhibits much lower circuit complexity for AC power generation, since only one additional power switch
is required for each AC output channel, whereas conventional hybrid converters generally require a dedicated four-
switch H-bridge inverter for every AC output. Consequently, the SIMO-based hybrid converter provides a smaller,
cost-effective and scalable solution, especially in applications involving multiple AC outputs. Furthermore, unlike
traditional hybrid converters, which are typically limited to a single DC output, the proposed topology is capable of
supplying multiple DC outputs. It can also be configured for standalone AC-only or DC-only operation. These
advantages make it well suited for applications that require simultaneous AC and DC power delivery from a single
DC source, such as hybrid chargers or power banks with a Qi wireless charging pad and multiple USB charging ports.

Recently, a new family of SIMO AC-AC converters was proposed in [26—-29]. These converters employ only
a single inductor in the power stage and an appropriate switching sequence to achieve single-stage power
conversion from an AC power source to multiple independent AC output voltages, without the need for an
intermediate DC link. This simplifies the overall power conversion process and reduces energy losses associated
with multi-stage conversion. Moreover, the absence of a bulky DC-link capacitor and the use of fewer components
enable a more compact converter design, which is especially beneficial in space-constrained applications. In
practice, they can act as compact, low-cost, and efficient multi-coil wireless chargers powered directly from a
universal AC mains supply, avoiding the need for an additional AC-DC adapter and improving system integration.
In [29], a non-isolated buck-boost hybrid converter with AC-AC/DC power conversion is introduced, enabling
simultaneous wired and wireless power transfer.

In emerging applications such as actuation and energy harvesting of ultrasonic motors (USMs), vehicle-to-
grid (V2G) for electric vehicles, peer-to-peer wireless power transfer (P2P-WPT) between mobile devices,
individual ports may dynamically operate either as energy sources or loads depending on their state of charge,
power demand and operating conditions. This creates a strong demand for peer-to-peer charging capability, where
energy can be directly transferred from one storage unit to another without relying exclusively on a centralized
power source. Such functionality is particularly attractive for improving energy availability, enhancing system
resilience, enabling cooperative charging, and maximizing the utilization of distributed energy resources. Under
these conditions, bidirectional power flow becomes essential for supporting energy redistribution, battery
equalization, regenerative energy recovery, and source-load coordination. Motivated by the growing need for
compact, efficient and flexible multiport power conversion interfaces capable of supporting peer-to-peer (P2P)
energy exchange, a new family of bidirectional SIMO converters has been developed in [30-33]. Compared with
conventional solutions based on multiple discrete unidirectional converters, a bidirectional SIMO topology can
reduce component count, converter volume and system cost while improving integration and power density. In
addition, by consolidating multiple power paths within a unified conversion structure, bidirectional SIMO
converters offer enhanced control flexibility and scalability, and more effective energy management among
interconnected ports. Hence, they provide a promising enabling technology for next-generation P2P charging
systems requiring high efficiency, multifunctionality, compactness and flexible power sharing.

The paper is organized as follows. Section II introduces the system architecture of a baseline SIMO inverter.
Section III presents the circuit topology, operating principle of the boost-only SIMO inverter. Section IV describes
the circuit topology and operating principle of the inverting buck-boost SIMO inverter. Section V presents the
circuit topology and operating principle of the SIMO DC-AC/DC hybrid converter. Section VI introduces
advanced SIMO topologies such as SIMO AC-AC converters and bidirectional SIMO converters. Section VII
discusses practical design considerations. Finally, Section VIII draws the conclusions of the paper.

2. System Architecture

The main functional block of a SIMO DC—-AC converter, also known as a SIMO inverter, integrates a
conventional SIMO DC-DC converter with a DC-AC stage comprising multiple resonant tanks connected in
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parallel. This architecture achieves single-stage DC-AC power conversion, enabling a single controller to
simultaneously regulate all AC output voltages. Figure 1 shows the system architecture of the SIMO inverter.
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Figure 1. System architecture of a single-stage SIMO inverter.

The DC voltage source is converted into pulsed current by the main inductor, whose stored energy is
subsequently delivered to each resonant tank sequentially in a round-robin, time-multiplexed manner. Each
resonant tank, which may be implemented as a parallel combination of a resonant inductor and capacitor, converts
the DC current pulse into an AC power source operating at the resonant frequency. These AC power sources then
drive their respective output loads. The loads are controlled independently and are fully decoupled from one
another, with no cross-interference. The output power of each channel is regulated individually by adjusting the
corresponding on-time duty ratio of the main power switch. The proposed SIMO topology operating in
discontinuous conduction mode (DCM) is particularly suitable for low-power wireless power transfer applications.

The main inductor L acts as a current source, sequentially delivering its stored energy to each AC output. In
theory, the maximum deliverable output power is limited by the energy stored in L, which is determined by its
inductance and maximum current rating. Since the power stage employs only a single inductor, the maximum
power available to each output is relatively limited. Moreover, because this SIMO topology operates in DCM, it
is best suited for light-load conditions, where higher efficiency can be achieved through reduced conduction losses
and zero-current switching (ZCS). Therefore, in practical applications, the proposed topology can be used as a
low-power multichannel wireless transmitter for concurrently charging multiple mobile devices.

In wireless power transfer applications, the load is typically the inductive transmitter coil. Energy is delivered
from the transmitter coil to the receiver coil of a compatible device placed in proximity via magnetic coupling.
Since the resonant inductor is connected in parallel with the transmitter coil, as shown in Figure 1, its inductance
should therefore be much smaller than that of the transmitter coil. This helps ensure that the resonant frequency is
not substantially affected when the transmitter coil is loaded.

The SIMO inverter can be configured as boost-only, inverting or non-inverting buck-boost type. The circuit
topology and operating principle of each type will be elucidated in detail in the following section.

3. Boost SIMO Inverter

3.1. Circuit Topology

In principle, the non-isolated boost SIMO inverter topology is derived by integrating the functions of a
traditional DC-DC boost converter (Figure 2a) and a parallel network of LC resonant tanks loaded by the respective
inductive coil (Figure 2b) into a single-stage inverter (Figure 2¢) [6].
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Figure 2. (a) Conventional DC-DC boost converter; (b) parallel network of LC resonant tanks; and (¢) circuit

topology of SIMO boost inverter.

In this configuration, the main inductor L of the DC-DC boost converter in Figure 2a serves as a current
source, replacing the independent current source (/pc) and delivering the stored energy successively to each
individual AC output in a time-multiplexed, round-robin manner. When the LC resonant tank is excited at its
resonant frequency, it oscillates and generates the corresponding AC output voltage or current. Since the boost
converter and the resonant tanks share a common ground, the two circuits can be naturally and conveniently
combined to form a single-stage single-inductor multiple-output inverter. For the same number of AC outputs, the
proposed SIMO inverter is superior to conventional inverters such as full-bridge inverters [34-38] because it
requires fewer power switches, gate drivers and passive components in attaining robust DC-AC power conversion.
No isolated transformer is used in the proposed inverter, which significantly reduces the overall form factor and
weight, and increases the power density. Without loss of generality, the following analysis considers a single-
inductor three-output (SITO) boost inverter, whose circuit topology is depicted in Figure 3.
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Figure 3. Ideal circuit diagram of single-inductor three-output (SITO) boost-only inverter.
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This inverter transforms a single DC input voltage (7;,) into three independent AC output voltages (V,1, Voo,
Vo3). A total of four switches are used, including one main switch (Syqin) and three switches (Sous1, Sour2, Sous3). Each
switch is implemented using a silicon power MOSFET. The gate-drive signals for the corresponding MOSFETs
are represented as Diain, Do1, Do2 and D3, respectively. Only one main inductor L is used in the power stage, and
the current across L is denoted as /;. Each output branch comprises a parallel LC resonant tank, namely, (Lo1, C,1),
(Lo2, Co2), and (Lo3, Cs3), which is connected to the corresponding load (L7, L1, L73). Anti-series blocking diodes
are also employed. Specifically, diode D; prevents unintended reverse current from flowing from ground to the
negative output through the internal body diode of S,..i» during the second subinterval of DCM, i.e., the discharging
phase, when S, is turned OFF and the corresponding output switch is turned ON. Likewise, the output diode
(D,1) prevents undesirable reverse current from flowing from the first AC output to the DC input through the
internal body diode of S,.1 when the instantaneous output voltage exceeds the DC input voltage. Basically, the
internal body diode of S,.: and the blocking diode (D,1) are connected in series but pointing in opposite
direction, hence forming an effective back-to-back diode structure to ensure unidirectional current flow from
the main inductor to the first output. The same configuration is used for the other two outputs.

3.2. Operating Principle

For ease of understanding, the power stage of the SITO boost inverter is represented by a simplified
equivalent circuit employing ideal switches, with the anti-series diodes omitted. In the equivalent circuit, the
ON/OFF status of each switch alongside the direction of the main inductor current are indicated. The illustration
shown here corresponds to the general case of unbalanced load, in which the inverter drives different AC loads at
its outputs. By default, each switching state is uniquely represented as (x, y), where x is the output number and y
is the mode of operation. For instance, state (1-1) refers to the first output and Mode 1. Figure 4a shows the
switching states and operating sequence of this inverter. Figure 4b shows the theoretical waveforms of the gate-
drive signals of main switch (D,..ix) and output switches (Dowsi, Dou2, Dous3), inductor current (/1), output branch
currents (Z,1, 02, 1,3), and the three AC output voltages (V,1, Vo2, V53). The SITO inverter operates in DCM at a
fixed switching frequency (f;), where f; = Tis, and Ty is the switching period. Under DCM operation, each output

occupies one full switching period, during which the inverter undergoes three distinct operating modes. As a result,
there are nine independent states in total, as depicted in Figure 4a. The on-time duty ratios of S,.i» corresponding
to the first, second and third output are denoted by D, D,i, and Ds;, respectively. Under unbalanced load
conditions, different power levels are delivered to the three outputs. Figure 4b illustrates one such condition, where
D11 < Dy < Ds1. Hence, the inductor current /;, exhibits different peak values for the three outputs, namely /; pi1 <
I pio < Ippi3, where Ir i1, Irpko and I i3 represent the peak values of /; for the first, second and third outputs,
respectively. Without loss of generality, the operating principle of the SITO inverter is explained using the first
output since the operating modes are identical for all outputs.

In state (1-1) shown in Figure 4a, the inverter operates in the first subinterval of DCM (Mode 1). Syin is
switched ON while all output switches are OFF. This corresponds to Mode 1 in DCM operation during which the
main inductor L is charged up. I increases with a positive slope of m;;, where m;; = V;,/L, until it reaches the peak
value of 17,41, which can be expressed as

Vin
Iy o =m, DT, z[TlelTs )

where V;, is the input voltage, Di; is the on-time duty ratio for the first output, and 7 is the switching period. It
should be noted that m;, is independent of the output voltage and hence, its value is the same across all outputs,
i.e., miy = mp = ms = Vin/L.

In state (1-2), the inverter operates in the second subinterval of DCM (Mode 2). Sy is switched OFF and
Sourt 18 switched ON. The energy stored in L is transferred to the first AC output. /; decreases with a negative slope
of mi2(¢), which is given by

[V;n _Vol (t)]

7 2

my, (1) =

where V,1(?) is the sinusoidal voltage of the first output.

Since V,i(¢) is a time-varying sinusoidal waveform, whereas V;, is a constant DC voltage, m»(f) varies

nonlinearly and exhibits a convex downward profile. As a first-order approximation, the variation of V,i(¢) over

the short duration of Mode 2 is sufficiently small to be neglected. Therefore, V,i(f) can be approximated by its
average value during Mode 2, which is given by
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where V11, denotes the average value of the first output voltage in Mode 2. Eventually, L is fully discharged

and S, is switched OFF at the zero-crossing of /;.
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Figure 4. (a) Switching states and operating sequence of the boost SITO inverter; (b) theoretical waveforms of the

gate-drive signals for the main switch, output switches, main inductor current, output branch currents, and three

AC output voltages.

In state (1-3), the inverter operates in the third subinterval of DCM (Mode 3). All switches are OFF, and I;
remains at zero value. This idle interval is essential for preventing unwanted cross-regulation among the outputs.
The end of state (1-3) marks the completion of the switching cycle for the first output and the start of the switching
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cycle for the second output. The same sequence of mode transitions then occurs for the second output, followed
by the third output. At the end of state (3-3), the SITO inverter completes one full resonant period (7,), where
T, = 3T;. In other words, the switching frequency of Sy (fs) of the inverter is three times the resonant frequency

of the LC resonant tank. Mathematically, it can be expressed as

3
= 3 = —
f=3=os LC, “)

where L, and C, are the resonant inductor and resonant capacitor, respectively.

4. Buck-Boost SIMO Inverter

The aforementioned boost SIMO inverter has two major drawbacks. First, it delivers only modest output
power, which is insufficient to meet the increasing power demands of portable electronic devices. Second, the
RMS value of the sinusoidal output voltage must exceed the DC value of the input voltage, unnecessarily
constraining the voltage requirements of the load devices. To overcome such limitations, a novel buck-boost SIMO
inverter is introduced in [8]. By operating in pseudo-continuous conduction mode (PCCM), a higher output power
can be achieved. Also, it is capable of producing multiple independent AC output voltages whose RMS values can
be higher or lower than the DC input voltage.

4.1. Circuit Topology

Fundamentally, this inverter topology is formulated by integrating the functions of an inverting buck-boost
DC-DC converter and an independent DC current source supplying a parallel network of LC resonant tanks, as
shown in Figure 5.

S main

D

Dmm'n

l L
(a)

(c)

Figure 5. (a) Inverting buck-boost DC-DC converter; (b) a current source supplying a parallel network for LC
resonant tanks; and (¢) single-stage buck-boost DC-AC SIMO inverter.

It should be noted that the inverting buck-boost DC-DC converter produces a negative DC output voltage.
However, the output polarity for the inverting buck-boost DC-AC SIMO inverter is inconsequential because the
outputs are sinusoidal. The only effect of the reversed polarity is a 180° phase shift in the sinusoidal output voltage,
which does not affect the inverter’s functionality in any way. Practically speaking, the inverting buck-boost
inverter topology is preferred to its non-inverting counterpart since the former requires fewer power switches and
gate drivers, resulting in smaller component count, lower cost, and higher efficiency.
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Figure 6 shows the circuit topology of an inverting buck-boost single-inductor three-output (SITO) inverter. For
simplicity, an ideal circuit is assumed, and non-idealities such as the equivalent series resistance (ESR) of the
capacitors and the DC resistance (DCR) of the inductors are neglected. The SITO inverter converts a single DC input
voltage (Vi) into three independent AC output voltages (Vo1, Voo, Vo3). However, unlike its predecessor [6], the RMS
value of each output voltage can be adjusted to be either higher or lower than V;, by controlling the corresponding
on-time duty cycle of Syqin. To reduce conduction loss, a pair of back-to-back freewheeling switches is used instead
of an anti-series diode connected in series with the power MOSFET. The pair of back-to-back switches also prevents
unintended conduction through the MOSFET body diode when the device is switched OFF. As a result, the inverter
requires a total of nine power MOSFETS: one for the main switch and two for each output switch.

To enable PCCM operation, a pair of freewheeling MOSFETs is connected across the main inductor L. It is
worth noting that back-to-back freewheeling switches is used to eliminate a direct short circuit between the
switching node ¥, and ground via the body diode of the freewheeling switch. Suppose only one freewheeling
switch is connected across L, that is, the upper freewheeling switch S s, is removed and only the lower switch Sz s
remains. When S, is turned ON and the sinusoidal output voltage V,; becomes negative during the second
subinterval of PCCM (or DCM), V; also becomes negative. This, in turn, creates an undesired reverse current path
from ground to V; through the body diode of S> 4, even though the switch itself is turned OFF. Clearly, this is not
the intended operating behavior. Therefore, two back-to-back freewheeling MOSFETs, with their body diodes
oriented in opposite directions, are essential in the proposed SITO inverter.
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Figure 6. Ideal circuit diagram of buck-boost SITO inverter.

4.2. Operating Principle

Figure 7a shows the switching states and operating sequence of the buck-boost SITO inverter. Figure 7b
shows the theoretical waveforms of the gate-drive signals of main switch (Dmain) and output switches (Dour1, Dous2,
D,.s3), inductor current (I1), output branch currents (Z,1, 102, 103), and the three AC output voltages (Vo1, Vo, Vo3).

For consistency, the same notation for the switching states is adopted, as explained in Section I1I-B. Consider
the general condition of an unbalanced load, in which unequal power is delivered to the three outputs. One such
example is shown in Figure 4b, where D > D, > Dj3;. Consequently, the peak values for the inductor current /;,
differ for each output. Under PCCM operation, /; contains a positive DC offset, /;, pc. Without loss of generality,
the operating principle of this inverter is discussed by focusing on the first output.

In state (1-1) shown in Figure 4a, S,.» is turned ON while all other switches are turned OFF. The main
inductor L is charged up with /; increasing at a rate of mi;, where m1 = Vi/L, until it reaches a peak value (/1 px1)
which is given by

V.
Ippk1 = My D11 Ts + I pec = <%) D11Ts + I pc (5)

where Dy is the on-time duty ratio of S, for the first output, 7 is the switching period, and /; pc is the DC offset
of I, L.
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Figure 7. (a) Switching states and operating sequence of the buck-boost SITO inverter; (b) theoretical waveforms
of the gate-drive signals for the main switch, output switches, main inductor current, input current, and three AC
output voltages.

In state (1-2), Syain 1s turned OFF, Sy is turned ON, while the other two output switches (Sou2, Sows) remain
OFF. During this interval, the main inductor L releases its stored energy to the first output. Hence, /; decreases at
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a rate of mi2(¢), where mi2(f) = Voi()/L = Vo1 ave/L, and V1,41 1s the average value of V,i(¢) during state (1-2). This
continues until /; reaches the valley-crossing point, i.e., /1 = Iz pc. As shown in [8], when the duration of D1, T
(D is the on-time duty ratio for the first output switch. It should be obvious from Figure 4b) is sufficiently short,
Voi,avg can be approximated by the amplitude of the first output voltage V1. Hence, the downward slope of the
inductor current (m2) can be re-expressed as

V. v
myy = ==~ S (©)

L L

In state (1-3), only the freewheeling switches (S v, S24s) are ON whereas all other switches are OFF. This
creates a recycling path for the inductor current to “freewheel” between the main inductor and the freewheeling
switches. In particular, in DCM operation, all switches, including the two freewheeling switches, are switched
OFF. Thus, the inductor current will return to zero value in this state.

In general, for a SIMO inverter with n outputs, the switching frequency (f;) is » times greater than the resonant
frequency of the LC resonant tank (f,). Mathematically, fs can be expressed as

nw, n

fs=nfo=ﬁ—m @)

5. Buck SIMO Hybrid Inverter

The aforementioned SIMO topologies are capable of only one type of power conversion, i.e., either DC-DC
or DC-AC. This naturally raises an important question: can SIMO be designed to perform both DC-DC and DC-
AC conversions simultaneously, enabling so-called hybrid conversions? Addressing this question motivates the
development of a SIMO hybrid converter that can supply multiple AC and DC loads simultaneously from a single
DC power source.

5.1. Circuit Topology

The SIMO hybrid topology is realized through the proper integration of a DC-DC buck converter with a
parallel network of LC resonant circuits and output filtering capacitors. Figure 8 graphically illustrates the
derivation of the SIMO buck hybrid topology. The DC-DC stage converts the DC input voltage into a pulsating
DC current. In a time-multiplexed manner, current pulses from the main inductor are directed to either the LC
resonant circuit or the output filtering capacitor through the corresponding output switch. Basically, the LC
resonant circuit serves as the DC-AC stage, converting the pulsating DC current into sinusoidal-like output
voltages at the resonant frequency. In contrast, the output filtering capacitor suppresses high-frequency ripples,
thereby producing a smooth DC output voltage. Consequently, the SIMO hybrid converter enables single-stage
conversion from a DC source to either AC or DC outputs. Likewise, a boost (or buck-boost) DC-DC converter can
be used to realize a SIMO boost (or buck-boost) hybrid topology.
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Figure 8. Derivation of a single-stage SIMO buck hybrid converter. (a) DC-DC buck converter; (b) ideal current
source supplying a parallel network of LC resonant circuits and output filtering capacitors; and (¢) single-stage
SIMO buck hybrid converter.

The independent current source (Ipc) in Figure 8b can be replaced by the main inductor (L) in Figure 8a,
which effectively functions as a current source. For illustration purposes, silicon power MOSFETs are employed
in the SIMO hybrid converter. Accordingly, anti-series (blocking) diodes are required in each output branch to
prevent undesired reverse conduction through the MOSFET body diodes. Notably, anti-series diodes are used not
only in the AC output branch but also in the DC output branch to prevent potential cross-channel conduction
between AC and DC output ports, as well as among the DC output ports. Alternatively, a pair of back-to-back
connected silicon power MOSFETs (or even a GaN transistor) can also be used to eliminate reverse conduction.

Figure 9 shows the ideal circuit diagram of a single-inductor four-output (SIFO) buck hybrid converter with
two AC outputs and two DC outputs. The SIFO converter transforms a single DC input voltage (Vi) into two
sinusoidal-like AC output voltages (Voiae, Vozac) and two DC output voltages (Vozae, Voaac), albeit other
combinations of AC and DC outputs are also possible. Each switch is realized as a pair of back-to-back connected
power MOSFETSs. The two MOSFETs are connected with their source terminals tied together, ensuring that they
share the same gate-to-source voltage. This configuration also causes their intrinsic body diodes to face in opposite
directions. In addition, their gate terminals are tied together, allowing both devices to be driven by a single gate
driver. To illustrate the need for this arrangement, consider the case in which O, is removed, leaving only Q.
connected between the input voltage (V;,) and the switching node (7) in the SIFO converter. If the instantaneous
value of the first AC output voltage exceeds the input voltage (V,1,4c > Vin), reverse current will flow from the first
output channel back to the input terminal via the body diode of O.1, even when O, is turned OFF and the first
output is enabled. Therefore, O, is required to block this undesirable reverse current.

The output switch in each output channel is also implemented using a pair of back-to-back MOSFETs to
ensure unidirectional current flow from the main inductor to the corresponding output and to eliminate cross-
regulation among the outputs. For example, suppose the second MOSFET in each back-to-back pair (Q,12, Oo22,
Oo32, Oo42) is removed from all output channels, and the first output channel is enabled (Q,1: is turned ON). If the
instantaneous value of the first output voltage becomes lower than that of the third output voltage (Vo1,4c < Vo3,4c),
cross-channel current will flow from the third output channel to the first output channel through the body diode of
0,31, even when Q,31 is turned OFF. This results in undesirable cross-regulation between the two outputs. A similar
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cross-channel conduction path can also arise when two DC outputs operate at different voltage levels. Hence, the
body diode of the second MOSFET in each back-to-back pair is essential for blocking unwanted conduction paths
among the outputs under all operating conditions.

Figure 9. Ideal circuit diagram of SIFO buck hybrid converter.

5.2. Operating Principle

The SIFO hybrid converter operates in PCCM at a fixed switching frequency. Since it has four outputs, the
switching frequency (f;) is four times that of the resonant frequency (f;), i.e., fy = 4f,. Figure 10a depicts the
switching states and the corresponding equivalent circuit for each state. Since there are three distinct operating
modes, the converter undergoes a total of 12 switching states. Figure 10b presents the ideal waveforms of the gate-
drive signals for the main switch, output switches and freewheeling switch, alongside the inductor current and
output voltages. For illustration purposes, the operating modes for DC-AC operation are discussed using the first
(AC) output of the SIFO converter. Likewise, the operating modes for DC-DC operation are explained using the
third (DC) output.

Consider the DC-AC operation. In state (1-1), Syain and So1 are closed, while all other switches remain open.
During this interval, the main inductor L is energized, and the inductor current /; ramps up with a rising slope of
at a rate of the inductor m1(¢) = [Vin — Vo1(£)1/L, where Voi(£) = Vi sin(w,t + @), and V1 and ¢ denote the amplitude
and phase angle of the sinusoidal voltage at the first output, respectively. It should be noted that the rising slope
of I, is time-dependent and exhibits a concave- down characteristic; that is, the slope decreases as time ¢ increases
over this interval. At the end of Mode 1 (e.g., t = #1), I; reaches its peak value of I; 11, which can be expressed as

Vi =V @)
IL,pkl =my(t)DT, +1, =|:%:|D11]; +1 pe ®)

where D is the on-time duty ratio of Sy, for the first output, and t, = T,i + D, Ts = (4i + D11) T, and i is an integer.
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Figure 10. (a) Switching states; (b) ideal waveforms of the key signals of SIFO buck hybrid converter.

https://doi.org/10.53941/perat.2026.100006 13 of 23



Lee and Tan Power Electron. Res. Appl. Trans. 2026

At time = 1, V,1(#;) can be written as

ngq)=vwsmu%4+¢)=zﬂgn(”§“+¢j ©)

The SIFO converter transitions from state (1-1) to (1-2) when /; reaches its peak value of I . In state
(1-2), Smain 1s turned OFF while S,; remains ON. All other output switches remain OFF. During this interval, the
main inductor L de-energizes into the first output, causing the inductor current /; to ramp down with a slope of
mia(f) = —V,1(¢)/L until it reaches the valley-crossing point (I, pc). Since this interval is typically much shorter than
a resonant period (i.e., Di2Ts << T,), the variation in the sinusoidal V5:(?) is negligible, and thus m»(¢) can be
approximated as follows.

4
%Nw%ﬁ“f (10)

where V1, is the nominal value of V(?) in state (1-2).

In state (1-3), all switches, except the freewheeling switch (Sz,), are open. During this interval, /; circulates
between the main inductor and the freewheeling switch of the SIFO converter.

Consider the DC-DC operation. In state (3-1), Sy.i» and S,3 are turned ON while all other switches remain
open. [; ramps up linearly with a rising slope of m31 = [V, — Vo3]/L, where V,3 is the third DC output voltage.
Unlike DC-AC operation, the rising slope of /; in DC-DC operation is constant since the output voltage is DC. At
the end of Mode 1 (e.g., t = 1), I, eventually reaches its peak value /; 13, which can be expressed as

ViV,
]L,pk3 =my DT +1, =|: 17 3:|D317; +1 e (11)

where Ds; is the on-time duty ratio of S, for the third output.

In state (3-2), Suain is turned OFF and third output switch remains closed. During this interval, the main
inductor releases its stored energy to the third output, and I; decreases at a rate of ms, = —V,3/L until it reaches
I pc. In state (3-3), all switches except the freewheeling switch are turned OFF, allowing the inductor current to
freewheel. Due to the inherent time-multiplexed switching scheme in PCCM (or DCM), the operation of each
output is fully decoupled in time. As a result, each output can be enabled or disabled independently without
affecting the others. Standalone DC-AC operations can be readily achieved by enabling only the AC outputs while
disabling the DC outputs. In this case, the SIFO converter effectively reduces to a single-inductor dual-output
(SIDO) DC-AC buck inverter. Conversely, standalone DC-DC operations are realized by disabling the AC outputs
and enabling only the DC outputs, in which case the SIFO converter operates as a SIDO DC-DC buck converter.

6. Advanced SIMO Topologies

Recent developments in SIMO-related research have expanded its scope well beyond conventional DC-DC and
DC-AC applications, giving rise to a new generation of advanced topologies such as SIMO AC-AC converters and
bidirectional SIMO converters. These emerging architectures are attracting increasing interest because they offer
compact size, reduced component count, high scalability, and flexible power sharing among multiple loads or ports.

6.1. SIMO AC-AC converters

Conventional AC-AC multiple-output power supplies require two conversion stages, namely, an AC-DC
converter, followed by a parallel combination of DC-AC inverters, one per AC load. They typically require a full-
bridge rectifier and a DC link capacitor to generate an intermediate pulsating voltage at double-line frequency.
Such a design is bulky, costly and inefficient due to its repetitive circuit structure and excessive component count.
In light of this, several single-stage SIMO AC-AC converters have been introduced in [16—18], which enable direct
and efficient generation of multiple AC outputs from the AC mains supply, making them promising candidates for
distributed AC power delivery and multi-load drive systems. In particular, the latest version, referred to as a non-
isolated SITO AC-AC/DC hybrid converter in [19] will be discussed. Figure 11 shows the ideal circuit diagram of
this hybrid converter.

Basically, the hybrid converter converts a universal AC mains supply (Vz.) into one DC output voltage (Vo1,4c)
and two AC output voltages (Vo2ac, Voszac). To enable multicoil wireless power transfer, each AC output is
connected to its own transmitting coil (L7 or Lp), which is closely coupled to the corresponding receiving coil.
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The voltage after the diode bridge (V5) is a full-wave rectified sinusoidal voltage derived from V,. The power
stage employs only a single inductor L, acting as a current source by transferring its stored energy to each output.

EMI
Filter

Figure 11. Circuit topology of SITO AC-AC/DC hybrid converter.

Similar to the SIMO inverter, each AC output branch includes a parallel LC resonant tank, which forms an
integral part of the power stage. The DC output branch consists of the output capacitor (Cqa) and the resistive load
(Rac). The blocking diode (D) plays a crucial role by preventing undesirable reverse conduction from the AC output
to the AC input or the DC output. From the perspective of the DC output, this hybrid converter behaves like an
inverting buck-boost converter operating in DCM. Notably, the DC output (¥51,4.) also serves as the input voltage
for the two AC outputs, and the output power of each AC output can be independently controlled by adjusting the
on-time duty ratio of Qp.

Figure 12a shows the switching states and equivalent circuit for each state. Figure 12b shows the theoretical
waveforms of the gate-drive signals of the four switches (S, Sp, So1, So2), the inductor current (/z), one DC output
voltage (V,1.4c), and two AC output voltages (Vozac, Vo3 ac)-
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Figure 12. (a) Switching states and equivalent circuits of the SITO AC-AC/DC hybrid converter; (b) ideal
waveforms of the gate-drive signals of the four switches, inductor current, and three output voltages.

A salient property of this hybrid converter is that the switching frequency is identical to the output resonant
frequency. Let us consider the DC branch. In state (1-1), S, is turned ON while all other switches are OFF. The
main inductor L is charged up, causing /; to increase at a rate of m1, where m, = V/L. I eventually reaches its
peak value of I; 1 = m11D,Ts, where D, is the on-time duty ratio of S,, and 7 is the switching period. In state
(1-2), S, is turned OFF while the body diode of S}, is naturally turned ON. The main inductor discharges into the
DC output, causing /; to drop at a rate of m», where mi2 = —V,1 4/L. At the end of state (1-2), I; reaches zero value,
and the body diode of S, is turned OFF. I; remains at zero in state (1-3).

Consider the AC branch. In state (2-1), only S is turned ON while all other switches remain OFF, allowing
L to charge up. It should be noted that the DC output (¥51,4.) now acts as the input power source for the AC output,
which means that /; flows in the opposite direction and is therefore negative. I, ramps up with a slope of may;,
where ma = V,1,4/L. At the end of (2-1), /; attains its peak value of I1, 2, given by Iz pio = ma1Dp1 Ty, where Dy, is
the on-time duty ratio of S associated with the first AC output (Vo24c). In state (2-2), Sp is turned OFF, and S, is
turned ON. The main inductor discharges into the first AC output. Consequently, /; decreases with a slope of m2»,
where ma = =V u(f)/L. Since the duration of state (2-2) is typically much shorter than the resonant period, the
variation of Vi, .(f) is small and can be approximated by its average value. Hence, m» may be treated as
approximately constant. Finally, in state (2-3), all switches are OFF, and /; remains at zero throughout this interval.
The same switching sequence is then repeated for the second AC output.

6.2. Bidirectional SIMO converters

Bidirectional SIMO DC—-AC converters, which enable forward (DC-AC) and reverse (AC-DC) power
conversion between a single DC port and multiple AC ports, have recently been proposed in [20-23]. Figure 13
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shows the circuit topology of an ideal bidirectional SIMO converter. The main module (highlighted in pink color)
is derived from a modified non-inverting buck-boost converter.
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Figure 13. Circuit topology of an ideal bidirectional SIMO converter.

In forward DC-AC inversion, it is assumed that the first and second outputs operate in boost mode, while the
third output operates in buck mode. During forward power transfer, the forward-enabling switch (S)) is always turned
ON whereas the backward-enabling switch (S) is always turned OFF to isolate C, from the output resonant tanks.

Figure 14a shows the switching states of the bidirectional SITO converter operating in PCCM and the
corresponding equivalent circuits of each state. Figure 14b shows the ideal waveforms for the gate-drive signals
for the main switches (41, Am2, Aw3) and the output switch pairs (4o1, Ao2, Ao3), inductor current (/;), and three
output voltages (Vo1, Vo2, Vo3) during forward inversion.
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Figure 14. (a) Switching states and (b) ideal waveforms of bidirectional SITO converter in forward DC-AC inversion.

Let us consider the boost operation of the first output. In state (1-1), The main switches (Su1,1, Swmi.2, Sw3) are
turned ON, while all other switches are OFF. The main inductor (L) is charged up, and /; increases linearly with
a positive slope of mi1 = Vpc/Lin. At the end of state (1-1), I; reaches its peak value of I, 1, which is given by

V,
L == D5 + 11 pc (12)

L, pkl - onl
‘m

In state (1-2), Sy1.1 and Sy12 remain ON, while S5 is turned OFF. The first output switch pairs (So1,1, So1.2) are
turned ON, while all other output switches are OFF. I; then decreases at a negative rate of mi> = [Vpc — Voi(£)/Li. At
the end of this state, /; will return to a non-zero value of /1 pc. In state (1-3), S;2 and S,,3 are turned ON to form a
freewheeling loop for /;. All other switches are in their OFF state.

In reverse AC-DC conversion, the power flow of the SITO converter is reversed. The AC ports serve as the
inputs, and the DC port serves as the output. The number of active AC inputs can be arbitrary. One switch in each
anti-series output pair (S,1,1, So2,1, So3,1) is always kept OFF so that its body diodes can function as a half-wave
rectifier, whereas the other switches (So12, So22, So32) are always kept ON. During reverse conversion, the
backward-enabling switch (Sy) remains ON, allowing the filtering capacitor (C>) to maintain a smooth and stable
intermediate DC voltage. Owing to the symmetric structure, S,,1; and S,.;1» operate as the output switches, while
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the forward-enabling switch (Sy) acts as the main switch, whose on-time duty cycle determines the value of the DC
output voltage. For the sake of discussion, boost operation is assumed.

Figure 15a shows the switching states and equivalent circuits for the converter in boost PCCM operation.
Figure 15b shows the ideal waveforms of the gate-drive signals for the forward-enabling switch (4, and main
switches (A1, Am2, Am3), inductor current (I1), and the DC output voltage (Vpc).
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Figure 15. (a) Switching states and (b) ideal waveforms of key signals of bidirectional SITO converter in reverse
AC-DC conversion.

In state (4-1), Sp, Sz and S,;3 are turned ON, while all other switches are OFF. Hence, a freewheeling path is
established for the inductor current, allowing it to be maintained at a constant value of /’; pc. Meanwhile, the
rectified AC voltage charges C,, and C, continues to supply the DC output.

In state (4-2), Sris turned ON. S,,» remains ON, and S,3 is turned OFF. The main inductor L,, is charged, and
I} increases at a rate of k> = Vo/L.,, where Ve, is the voltage across Cs. [ attains its peak value of /1 pccu, which
can be expressed as

v, A
Iy pipcon = L_CzDonTs +1;pe (13)
where Doy is the on-time duty-cycle of Sy, and 7’ is the switching period.
In state (4-3), Sy remains ON, and S, is turned OFF. Also, Sy1,1 and Sy.12 are turned ON, allowing L,, to
discharge to the DC output. /; decreases at a rate of k3 = (V2 — Vipc)/Ly, until it reaches the valley-crossing point
(I’Lpe)-

7. Design Considerations

In practice, SIMO inverters can be employed as multi-coil wireless power transmitters in multi-coil wireless
power transfer (MC-WPT) systems. In such applications, the output resonant frequency of the SIMO inverter must
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lie within the frequency range specified by the relevant WPT standard. For instance, under the current Qi standard,
power transfer is typically operated in the 110-205 kHz frequency range, with standardized power levels of up to
5 W for the Baseline Power Profile (BPP) and up to 15 W for the Extended Power Profile (EPP) or Qi2 Magnetic
Power Profile (MPP). At a particular resonant frequency f;, the appropriate values of L, and C, in the resonant
tank can be determined as follows.

fo=R e
° 2 2zJL,C, (14)

Obviously, many combinations of L, and C, can yield the same resonant frequency. In general, it is desirable
to minimize the circulating current in the LC tank at resonance in order to reduce the conduction loss caused by
parasitic resistances. This can be achieved by selecting a larger L, and a smaller C,, thereby increasing the overall
reactance and reducing the circulating current. On the other hand, the quality factor (Q) of a parallel RLC circuit

is given by:
C,
O=Ry, /—0 (15)
LO

where R; denotes the equivalent output resistance. Choosing a larger C, and a smaller L, results in a higher Q factor,
which leads to a narrower bandwidth and greater selectivity of the resonant circuit. This is advantageous because a
higher Q factor suppresses harmonic components in the AC output voltage, thereby producing a cleaner, smoother
sinusoidal waveform with very low distortion. It is therefore evident that, in resonant tank design, a tradeoff exists
between achieving high power efficiency and minimizing total harmonic distortion. As a general rule of thumb, the
reactance of L, (i.e., X; = w.L,) at resonance, which is equal to the reactance of C, (i.e., X. = 1/w,C,), is typically
chosen to be around 2.8 Q or so. Hence, for a given w,, suitable values of L, and C, can be determined. For example,
if the resonant frequency is 100 kHz, the values of L, and C, are about 4.5 pH and 0.56 pF, respectively.

The theoretical analysis of the SIMO inverter indicates that the AC output voltage is not a pure sinusoid but
rather a sinusoidal-like waveform. Taking the SIMO boost inverter as an example, distortion arises in the output
voltage when the inverter transitions from state (1-1) to state (1-2). This phenomenon can be explained by the
difference in the fundamental frequency of the output voltage between these two states. In state (1-1), the resonant
tank is completely isolated from the main inductor. As a result, the fundamental frequency of the output voltage is
the same as the resonant frequency given in (14). In state (1-2), however, the main inductor (L) is connected to the
resonant tank, which increases the fundamental frequency of the output voltage to:

o 11 1
f =% e, 1,G, (16)

In theory, distortion in the output voltage can be mitigated by choosing the main inductor to be much larger
than the resonant inductor (i.e., L >> L,). Under this condition, the output voltage frequency becomes nearly
identical to the resonant frequency in all modes of operation. However, a larger L reduces the rising slope of the
main inductor current (/1) during state (1-1), resulting in a lower peak current. Consequently, this limits the
maximum energy stored in L that is subsequently be delivered to each output. This reflects a key design tradeoff
between minimizing output voltage distortion and maximizing output power. From a practical standpoint, a
balance must therefore be struck by choosing L to be on the same order of magnitude as L,, so as to provide
sufficient output power while maintaining reasonably low total harmonic distortion in the output voltage. In the
hardware implementation of the SIFO buck hybrid converter, L = (3/4)L,.

Regardless of the specific SIMO topology, the dominant source of conduction loss is the equivalent-series
resistance (ESR) of the main inductor (L). To minimize the ESR, hand-wound inductors are typically fabricated
using 250 strands of 38 AWG Litz wires on an N49 core. For example, in the bidirectional SITO converter, the
measured ESR of the main inductor (L) is as low as 15 mQ at 300 kHz, while the resonant inductor exhibits an
ESR of approximately 12.9 mQ at 100 kHz. In addition, the on-resistance (Raow) of the power MOSFETs also
contributes to the overall conduction loss. In particular, during reverse power conversion in a bidirectional SIMO
converter, the conduction loss associated with the body diodes of the output MOSFETs must also be taken into
account. On the other hand, the parasitic capacitances of MOSFETs are the dominant source of switching loss.
Replacing silicon power MOSFETs with GaN transistors can help reduce switching loss because GaN devices
typically exhibit lower gate charge, lower output capacitance, and negligible reverse-recovery charge. These
characteristics enable faster switching transitions and reduce the overlap between voltage and current during turn-
on and turn-off, making GaN particularly attractive for high-frequency power conversion.
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8. Conclusions

SIMO inverters, SIMO hybrid converters, SIMO AC-AC converters and bidirectional SIMO converters offer
a compact and efficient solution for multiport power conversion by employing a shared inductor to reduce
component count, system size, and implementation cost. SIMO inverters are well suited for generating multiple
AC outputs from a single source. SIMO AC-AC converters enable direct AC power conversion with relatively
simple circuit configurations, while bidirectional SIMO converters further extend operation capability by enabling
reversible power flow. Notwithstanding these merits, several challenges such as cross-regulation, control
complexity, dynamic response and loss minimization remain critical to practical implementation. Yet, ongoing
advances in modulation and control techniques, magnetic component design, soft-switching strategies and wide-
bandgap semiconductor devices are expected to further improve the performance and applicability of SIMO
converter topologies in high-power-density and multifunctional power electronic systems.
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