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Abstract—This paper presents an inductorless direct-injection
power flow and quality control topology. The circuit removes
any bulky low-frequency transformer and includes a shunt active
front end and high-frequency links that powers a series floating
module per phase. These floating modules are connected in series
with each phase and omit any ground connection, thereby only
dealing with a small portion of the voltage difference. Unlike
other low-voltage power controllers with full converters, the
direct-injection circuit presented here does not need to handle full
power, which allows for the utilization of low-voltage high-current
GaN transistors. As a result, high-frequency switching can be
adopted, and the conventional filtering inductor in series can
be replaced by parasitic inductance naturally occurring between
cables. Overall, the circuit is exceptionally small and compact by
employing low-power components and omitting line transformers
and inductors.

Index Terms—distribution grids, low-voltage grids, power flow,
power quality

I. INTRODUCTION

Recent advances in renewable energy distributed generation
have brought up power flow problems in the low-voltage grid.
Power levels of electric vehicle (EV) chargers, previously
seen only in entire villages, can rapidly fluctuate, and wide
photovoltaic (PV) installations on roofs also contribute to
the array of largely uncontrolled sources in the distribution
network [1]-[3]. The presence of PV and EV chargers in dis-
tribution networks can potentially cause power flow reversals
and reactive power disturbances [4]. These additional sources
in the grid can result in uncontrolled power flows in the event
of another grid segment’s failure. It’s critical to have effective
strategies to manage and rectify power flow between two grids.
This suggests a growing need for more focus on power flow
control in the distribution grid, especially within low-voltage
power systems.

Nonetheless, the distribution grid currently leans heavily on
traditional mechanical or passive elements, such as switched
shunt capacitor banks or on-load tap changers. These can
only adjust the voltage of the entire feeder but lack the
flexibility to control the power flow [5]. In high-voltage
scenarios, the unified power flow controller (UPFC) is the
most frequently used flexible AC transmission system device
that can regulate the voltage, modify line impedance, and
shift the phase either simultaneously or selectively [6]. It
consists of two voltage source converters, both connected to

the same dc link and attached to the transmission line via
transformers, with one connected in series and the other in
parallel. The same topology is also used in low-voltage grids
but is referred to as the unified power quality conditioner
(UPQCQC) [8], primarily addressing power quality issues such as
current/voltage imbalances, voltage flicker, voltage swell/sag,
and current/voltage harmonics.

Although circuits based on the UPFC structure have been
used for the distribution grid recently for power flow problems,
known as SOPs (soft open points) or energy routers [5],
[7], they tend to couple to the grid through bulky low-
frequency transformers, which are heavy and expensive. More
importantly, it suffers from magnetic loss and low bandwidth,
especially at high frequency [9], [13]. The other type of
low-voltage power flow control circuit is the back-to-back
converter, which connects in series with two feeders directly,
without the need for a line-frequency transformer. However,
the devices have to withstand full voltage and full current [10].

The topology proposed in this paper can merge the
UPFC/UPQC functions and omits any grid-connected series or
parallel low-frequency transformers, thereby enhancing power
density and compactness. It utilizes high-voltage low-current
devices at the shunt side and low-voltage high-current devices
at the series side, which offers particular advantages for the
low-voltage distribution grid. Additionally, the direct injection
circuit can employ the recently developed low-voltage high-
current Gallium Nitride (GaN) transistors. GaN has notable
benefits compared to traditional Silicon (Si) devices, includ-
ing zero recovery loss, minimal capacitive core less, short
rise/fall time, and good parallel capability. Consequently, high-
frequency switching can be adopted to significantly minimize
the series filtering inductors. Even the parasitic inductance
formed in the utility cabinet, where our circuit is installed,
suffices the requirement.

II. CIrRCcUIT TOPOLOGY
A. System Overview

The system configuration depicted in Fig. 1 includes a low-
current power supply that operates at full voltage and features
a shunt active front end (AFE), as well as an isolated dc/dc
converter for each phase. This configuration shifts the supply
power to higher frequencies to achieve a more compact design
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Fig. 1. Circuit configuration of the DI-UPF/QC

and less magnetic material for isolation while also incorporat-
ing a floating high-current, low-voltage series module. The
design is built upon our previous work on modular floating,
low-voltage high-current, and high-voltage low-current circuits
[11], [12]. By taking advantage of advancements in power
semiconductors, which have been driven by the consumer elec-
tronics, appliances, and automotive industries, this proposed
design of a full-voltage low-current supply and low-voltage
high-current modules that float with the line potential can
achieve significant power density and dynamics.

Our centerpiece floating modules follow the electrical po-
tential of their designated phases without grounding or linking
to any other phases and can maintain a low local voltage, e.g.,
below 48 V for low-voltage grids. Consequently, we can use
low-voltage transistors and capacitors. Moreover, ultra-high-
speed switching power devices such as Gallium Nitride High
Electron Mobility Transistors (GaN-HEMT) can be used to
further reduce the filtering inductors. The GS61008 with a
voltage rating of 100 V, a current rating of 90 A, and the
ability to switch up to 10 MHz would be an ideal choice. If
high-frequency switching leads to larger EMI, ferrite cores can
be implemented for suppression.

B. Floating module control

The AFE can follow the well-established PWM rectifiers’
control method and provide a constant dc output [14]. This
voltage can be stepped down by the isolated dc/dc converter
to supply the floating module. Since both the series side and
the shunt side of the circuit are controlled in a closed-loop
manner, the high-frequency dc/dc stage can employ open-loop
control.

The series modules possess three switching states: a bypass
state that enables current to flow around the floating dc-
link capacitor and injects no voltage, along with two series
states possessing positive and negative polarities. These states
momentarily link the floating dc-link capacitor between the
grid terminals on the left and right (Fig. 2). A continuous
bypass mode also deactivates flow control. In this situation,
the entire system is bypassed, and the grid functions without
conditioning. Given that the latest low-voltage transistors can
handle currents even at low-voltage-grid short-circuit levels,
this mode could additionally function as a safe state during
system failures.

While operating under flow control, each module introduces
a low amplitude AC voltage across its own terminals, modulat-
ing via bypass and series modes. For example, when a module
bridges two grid sectors or feeders with varying voltages and
exactly preserves this voltage difference, no current passes
through. Conversely, if the voltage is either smaller or larger,
active current begins to flow, causing the series module to
either extract or inject energy into its DC link. The module
also has the capability to compensate for any phase difference
between the connected grid segments.
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Fig. 2. Working modes: bypass state (left); serie (right).
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Fig. 3. Series injection control block diagram.

We recommend controlling each module independently
to account for phase imbalances. Fig. 3 illustrates a grid-
synchronous current control scheme for the fundamental fre-
quency, where V is the grid voltage, and I, is the grid current.
Each module has its own dedicated control for managing phase
asymmetries. For harmonics, the scheme is replicated at the
respective frequencies. With the current control of floating
modules, the open-loop control of the LLCs, and the voltage-
current double loop control of AFE [14], the power flow
between the AFE-LLC dc link and the floating-module dc link
consequently emerges as a by-product.

III. FILTER ANALYSIS

The whole system can be installed on on-street utility boxes,
as shown in Fig. 4. It replaces the conventional series inductor
filter with the parasitic inductance of the three-phase cables.
Since the inductorless system can operate at megahertz, the
microhenry level parasitic inductance can satisfy the require-
ment. This section analyses the parasitic inductance of the
system.

A. Parasitic inductance of the cabin model

As shown in Fig. 4, three-phase cables come out from the
ground; one group of cables supplies the shunt grid interface
(active front end + isolated dc/dc converter), while the other
group go through the floating module and back to the ground,
either to another grid or load.

The interior edge of each cable and the copper bar form a
square loop, where the magnetic flux passes into and results
in a loop inductance. This loop inductance can serve as
filtering inductors, thus minimizing the ripple resulting from
modulation. For simplicity, each loop is regarded as a rectangle
and parallel to each other, with a length of [ (I3, l3) and width
of hy (hg, hs); three rectangle loops are separated with Alpo
(Al1s, Alss) and Ahqs (Ahis, Ahss); the copper bars are
approximated as cylindrical cables, whose radius are the same
as the grid cable r. The inductance matrix of the three-phase
cabin model is

Ly My M3
Leabin = | Mi2  Laa  Mos (n
Mz Mas L33

where Liy, Log, and Ls3 are self inductance of each phase
and Mo, M3, and M3 are mutual inductance.
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Fig. 4. Distribution grid cabinet model

The self-inductance of phase 1 can be derived as:
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where 117 is the total magnetic flux through loop 1 due
to itself; [y and h; are the length and width of loop 1,
respectively; and I; is the phase 1 current.

The mutual inductance between phase 1 and phase 2 follows
equation (3), obtained by dividing the total flux to loop 1
contributed by phase 2 by the current of phase 2. The upper
segment and right segment produce part of the inverse flux
and need to be deducted.

Similarly, the mutual inductance between phase 1 and phase
3 follows equation (4).

Supposing the three-phase currents are balanced, the equiv-
alent phase inductance can be derived as:

Ly L11+M12~ej'27r/3+M13'6j'47r/3
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Our domestic cabin model has following parameters: Iy, lo,
l3: 0.5 m; hy, ha, h3: 0.8 m; Aljo, Alss: 0.1 m; Aly3: 0.2 m;
Ahyo, Ahss: 0.2 m; Ahis: 0.4 m; r: 0.0065 m. Putting these
parameters into the equation (2)~(4), the parasitic inductance
2.29 uH 0.59 uH o0.18 uH
0.59 uH 2.29 uH 0.59 uH
0.18 uH 0.59 pH 2.29 uH

Consequently, the real part of each phase inductance is
around 2 pH.

matrix iS Leapin =

B. Ripple analysis

Fig. 5 shows a simplified diagram of the voltage and current
across the floating module via SPWM modulation. Based on
that, the inductance can be derived along with the following
equations:

B Aipy
Vmodule - Vdc =1L At (6)
At = kT 7)
Vmodule =k- Vdc (8)
k =m - sin(27 fot) 9)

where Viyodule 1S the voltage after filtering; V. is the voltage
before filtering; k is the switch-on ratio; 7" is the switching
period; fo is the fundamental frequency; and m is the modu-
lation index.

By solving above equations, the current ripple can be
expressed as

Vdc
2-L- f sW

By deriving the derivative of Aiy,, the maximum current
ripple Aipp, max can be gotten: Vy./(8L - fsw). For the case
where Vg is 48 V, L is 2 uH calculated above, and fg, is
1 MHz, the maximum current ripple would be around 1.5 A.

Aipp = -(1=m-sin(27 fot)) -m-sin(27 fot) (10)

IV. EXPERIMENTAL VALIDATION

We implement an experimental system to validate the basic
functions: voltage adjustment and phase shift. For better pre-
sentation, we show the single-phase’s experimental results in
this section. A GaN floating module switching at 1 megahertz
is direct-injected to a 230 V grid, and supplies the load:
either a 1 mH and 66 € inductive load (for validating phase
adjustment) or a 66 2 resistive load (for validating voltage ad-
justment). The parasitic inductance of the system is measured
to be 2uH.
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Fig. 5. Current and voltage of the floating module

A. Voltage adjustment

Fig. 6 exemplifies the capability of the floating module to
modulate the grid voltage, either raising or lowering it. The
circuit switches from the bypass state (denoted by the pink
curve), where the current is allowed to pass through without
modulation, to the modulation state, where a synchronous volt-
age is instantly introduced, raising the voltage (as illustrated
by the shift from the blue curve to the green curve), which
in turn boosts the line current (the yellow curve). Conversely,
when a reversed voltage is applied, both the voltage and line
current decrease. With its ability to adjust voltage, the system
is able to effectively handle long or short-term rms fluctuations
(surges, spikes, sags, swells, over-voltage, and under-voltage),
and control power flow in the distribution grid.

B. Phase shift

The shifting of the grid voltage (the yellow curve) with
respect to the original voltage (the blue curve) is depicted in
Fig. 7. To compensate for the phase difference between the
voltage and the current, the floating module (the light blue



Floating module| voltage [ 60 ¥V / (\iiv]

NaVAVAVAVAVA VaVa VaViaVAVaVA VAV
oltaga [ 500V / div] Dutput Voltege [ 50
AAARARAIARNAAAR ARARA
VVIVUWY Y Y Y VA KA

A

i

Line current [ 8 A / div]

Fig. 6. Experimental results for voltage adjustment

curve) modulates to inject a synchronous voltage with a con-
trolled phase displacement in series with the line. The phase
shift function enables the system for harmonic compensation
and power factor correction.
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Fig. 7. Experimental results for phase shift

C. Zoomed floating module voltage

Fig. 8 displays the zoomed voltage waveform of the floating
module in one cycle. Despite the absence of any series
filtering inductor, the ripple ratio remains below 5%, benefiting
from the microhenry-level parasitic inductance inherent in the
proposed system.
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Fig. 8. Zoomed voltage waveform of the floating module

V. CONCLUSION

In the paper, we present a novel power control circuit
consisting of high-current, low-voltage GaN modules that are
phase potential floating, a shunt interface that operates with
low-current and full voltage as the power source, such as
an active front-end, and a high-frequency dc/dc converter for
isolation and voltage conversion. The suggested approach gets
rid of bulky transformers and has significant potential to be
sufficiently compact for deployment on utility boxes located
on the street, while also leveraging the benefits of parasitic
impedance for filtering.
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