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Abstract—The need to build resilient distribution systems
provides the incentive to decentralize voltage stability respon-
sibilities across the entire network instead of the main grid.
This requires the system to operate in various modes depend-
ing on the availability and location of the voltage sources.
To facilitate seamless transitions between different operation
modes, this paper presents a unified control scheme designed
for the interlink converter connecting multi-voltage buses in
distribution systems. Under normal conditions, the proposed
scheme efficiently manages power flow. In the event of loss of
a voltage control unit at one bus, the scheme autonomously
provides voltage support to this bus to ensure the stable operation
of the whole network. This is achieved without the need for mode
detection and communication, thereby preventing instability risk
due to the inaccurate or delayed mode transition. Moreover,
the proposed scheme inherently supports input-series output-
parallel converter configurations, achieving input voltage sharing
and output current sharing without additional control loops.
Simulation results validate the effectiveness and robustness of
the proposed scheme.

Index Terms—Distribution system, unified control, interlink
converter, input-series-output-parallel configuration.

I. INTRODUCTION

The widespread adoption of dc-based renewable energy
sources, dc loads, and energy storage systems has made dc
distribution systems promising solutions for diverse industrial
applications, such as electric vehicle systems and photovoltaic
energy systems [1]-[4]. Fig. 1 illustrates a schematic diagram
of a dc distribution network with two voltage levels inter-
connected by an interlinking converter (ILC), which provides
galvanic isolation, voltage matching, and power management.

In the traditional dc distribution system, voltage stability
relies on the main grid, making the network poor resilience and
susceptible to failures in case of a contingency. The increasing
integration of distributed energy resources and energy storage
systems is leading to a more decentralized grid architec-
ture, which brings opportunities to reduce the dependency
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Fig. 1. Schematic of a dc distribution network.

on the main grid [5]. This transition could redistribute the
responsibility for maintaining voltage stability across the entire
network. Each bus is equipped with its own voltage source to
maintain voltage stability and enable mutual voltage support,
thus enhancing the system’s overall stability and resilience. As
a result, the network can operate in three modes depending on
the location of the voltage sources as depicted in Fig. 2 [6].
Identifying these modes is crucial since they are relevant to
the functionality and control of the ILC. In most situations,
both buses have voltage sources, and the network can operate
in balanced mode [6]. This allows the ILC to achieve power
flow based on the energy management system. However, if
one of the buses loses its voltage regulation capability due to
issues such as a distributed generation outage, the network is
shifted to an unbalanced mode. In such mode, the ILC should
prioritize the provision of voltage support to the bus without
the source to ensure the stable operation of the whole network.
This makes the ILC act as a load on one side and a source on
the other.

The demand for mode-specific functionality requires the



TABLE I
COMPARISON WITH THE EXISTING CONTROL METHODS

Category Power control [9]  Dc transformer control [13]  Model-switch control [14]  Coordinated control [15]  Proposed scheme
Operation Mode Only balanced Only unbalanced All modes All modes All modes
Seamless Transition No Yes No Yes Yes
Inherent IVS/OCS No Yes No No Yes
Application limitation No No No Limited to microgrids No
Bus 1 Bus 2 (IVS) and output-current-sharing (OCS) among the module
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Fig. 2. Different operation modes. Note that the arrows indicate the direction
of voltage support.
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ILC to adjust control objectives autonomously for differ-
ent operation modes. However, most state-of-the-art control
methods for the ILC predominantly focus on either output
voltage regulation [7] or power flow management [8], [9]
while assuming the input as a stiff source, which can be only
effective for one specific mode. In contrast, a unified control
strategy was proposed in [10] to enable either power flow
control or voltage regulation in different modes. However,
this method is limited by its unidirectional voltage support,
allowing voltage support from one bus to another but not
vice versa, thereby rendering it ineffective in some unbalanced
modes. To solve this issue, [11]-[13] proposed a scheme to
make the ILC act as a dc transformer with dual voltage support
capability. This allows the ILC to provide voltage support to
any bus without a voltage source, regardless of which bus loses
its voltage sources. However, these methods can not control
the power flow in the balanced mode. A potential solution
for the above methods is the mode-switch [14]. However, this
requires the mode detection mechanism and communication
system among networks, which can increase costs and cause
non-seamless mode transitions that may destabilize the system,
particularly during unintended mode changes. To address this
problem, a coordinated power control was proposed for all
three modes in [15]. However, this method is only limited to
microgrids based on droop characteristics—i.e., a predefined
power-voltage relationship on each bus, which may not be
suitable for distribution systems.

Another challenge for the ILC arises from the limited
voltage and current ratings of power devices. To address
this, the input-series output-parallel (ISOP) configuration is
implemented to reduce electrical stresses [16], [17]. However,
this introduces the challenge of ensuring input-voltage-sharing

converters. To tackle this problem, many control strategies
have been proposed. The common-duty-ratio control was
proposed in [18], which applies a uniform duty ratio to all
converter modules. However, achieving precise IVS and OCS
is challenging due to parameter mismatches among modules.
Therefore, control strategies utilizing dedicated IVS or OCS
controllers have been proposed [19]-[21]. While these meth-
ods are effective, they introduce extra control loops, thereby
increasing control complexity.

To fill this gap, this paper introduces a unified control
scheme that integrates voltage support and current tracking
control loops. This integration enables the autonomous ad-
justment of control objectives across various operation modes
without mode detection and communication. As a result, it can
eliminate the risks of instability due to inaccurate or delayed
mode transitions, thereby ensuring seamless transitions and
enhancing the network’s stability. Furthermore, the proposed
scheme is well-suited for the ISOP configuration, which can
facilitate IVS and OCS without an extra control loop. A
detailed comparison between the proposed scheme and other
existing control methods is presented in Table I.

The rest of this paper is organized as follows: Section II
outlines the unified control for a single converter for different
modes and mode transitions. Section III expands on how this
scheme applies to the ISOP configuration. Simulation results
verify the effectiveness of the proposed control scheme in
Section IV. Finally, Section V concludes the paper.

II. PROPOSED UNIFIED CONTROL SCHEME

Fig. 3 shows the block diagram of the proposed unified
control scheme tailored for a modular converter of the ILC.
This scheme is designed to be topology-independent, allowing
for its application across various dc-dc converters. In this
paper, the modular converter is chosen as the dual active
bridge (DAB) converter for illustration. For the sake of sim-
plicity, single-phase shift modulation is implemented, which
the power transfer from bus 1 to bus 2, P;, can be expressed
as [22]:

- NUl’Ugd(l — d)

Py = 5 f.L (D

where v; and vy are the voltages of buses 1 and 2, respectively.
N is the transformer’s turns ratio, L is the leakage inductor,
fs is the switching frequency and d is the phase shift.
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Fig. 3. Control block diagram of the proposed unified control scheme.

The proposed scheme tunes the phase shift d through
the current control and voltage control. The voltage control
regulates the voltage ratios k of two buses within the network
to enable bidirectional voltage support, where k is set as the
nominal voltage ratio across the two buses. Meanwhile, the
current control can achieve power flow control by introducing
a voltage shift v’ to the voltage control. To avoid over-
adjustments of v’, a saturation component is employed inside
the PI controller of the current control. Given that the current
control is to adjust the voltage control, the bandwidth of the
voltage control should be much larger than that of the current
control. The implementation of this scheme across various
modes and mode transitions is discussed as follows. It is noted
that the proposed scheme is tailored for effective operation in
different modes, which is unlike the conventional outer-voltage
and inner-current control for dynamic response. Furthermore,
it is assumed that, in unbalanced operation, the non-faulty DC
bus possesses sufficient capacity to provide voltage support to
the faulty bus.

A. Balanced Mode

In the balanced mode, both buses have voltage sources to
maintain their voltage stability. Therefore, v; and vy remain
constant with v; equating to kv naturally. Consequently, the
proposed scheme can be simplified as shown in Fig. 4a, where
there is the current control with an additional PI controller in
series. The variable e,, denotes the minor discrepancy between
v1 and kvy considering the operational variations.

As depicted in Fig. 4a, two cascaded PI controllers are
employed. The first PI controller can regulate ¢; to align with
ircy precisely, which i, is derived from the upper controller
based on the energy management system [23]. The second PI
controller then fine-tunes its output v’ to compensate for the
voltage error e,. Therefore, active power flow control can be
achieved in the balanced mode.

B. Unbalanced Mode

In the unbalanced mode, only one bus has voltage sources
while the other bus acts as the load. Therefore, the ILC’s
priority shifts to provide voltage support for the bus lacking
the voltage source to maintain the voltage stability across

Fig. 4. The proposed scheme in different modes. (a) Balanced mode. (b)
Unbalanced mode.

the network. In such scenarios, the proposed scheme can be
regarded as shown in Fig. 4b, where the impact of the current
controller is represented by the constant disturbance v’. This
can be achieved by designing the bandwidth of voltage control
significantly higher than the current control.

The steady-state equilibrium satisfies:

vy + v = kvy )
——
v

According to (2), the proposed scheme can regulate the volt-
age ratio between v} and vy to be k. To ensure that v} closely
approximates v, a saturation component is implemented for
v’. Based on (2), the proposed scheme makes the ILC behave
like a transformer, but a dc transformer. Like a conventional
transformer, a voltage source on either side can maintain the
voltage on the other side automatically. Consequently, the
ILC can provide voltage support to the bus lacking a voltage
source regardless of the location of voltage sources, thereby
accommodating the unbalanced modes effectively. Notably,
the proposed scheme focuses on regulating the voltage ratio
between buses rather than controlling their individual volt-
ages. Consequently, voltage discrepancies on one bus could
proportionally affect the other bus. However, this is not seen
as a drawback as these discrepancies are typically minor in
practical operations. The primary role of the ILC is to maintain
voltage stability, while precise voltage regulation is managed
by other power converters within each bus to ensure that all
terminal voltages meet the required specifications.

It is noted that the range of v’ is crucial for the effectiveness
of the proposed scheme. In the balanced mode, v addresses
the voltage discrepancy e,, whereas, in the unbalanced mode,
it shifts the steady-state voltage relationship. Therefore, the
range of v’ could be defined as follows:

min

v' € [kvy

_ U{nam’ kvgnax _ ,Uinzn] (3)

where the superscripts max and min represent the maximum

and minimum bus voltages.

C. Mode Transition

1) Balanced to unbalanced mode: During the transition
from balanced to unbalanced mode, one of the buses could
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Fig. 5. Mode transition process from balanced mode to bus 2 mode

lose its voltage regulation capability. Given that the bandwidth
of voltage control is much larger than that of current control,
voltage control predominantly manages the system’s dynamic
response, with the current control being treated as the constant
disturbance v’. For each v’, the voltage controller is capable
of establishing the steady-state condition as (2). Thus, irre-
spective of which bus experiences a voltage source outage,
the other bus can effectively provide voltage support for the
affected bus.

The impact of v’ is to determine the system’s final steady-
state condition. Since i,y is determined by the upper control
system that exhibits a slow response, it cannot be adjusted
quickly and is considered constant during mode transition
dynamic responses. This makes the response of current control
unpredictable. For example, while the actual power flow needs
to be injected from bus 2 to bus 1 to offset the voltage
loss on the bus 1 side, i,y might still suggest the opposite
direction of power flow. This discrepancy could result in a
continuous increase in v’ until it reaches its maximum limit.
Alternatively, v’ could decrease to its minimum limit or adjust
to an intermediate value depending on the ..

Fig. 5 illustrates the mode transition from balanced to bus
2 mode. Initially, the ILC operates in the balanced mode to
manage power flow. When the voltage source of the bus 1 is
disconnected, there is a voltage drop due to capacitor discharge
on the bus 1. Therefore, the ILC should compensate for this
drop by injecting current from bus 2 to bus 1, thereby moving
the operation to point B. As the voltage control completes its
response, the transition process steps into the second stage,
where the current control takes effect. With 4,.; treated as a
constant, a persistent mismatch between i,.y and i; causes
v’ to reach its lower limit, thereby moving the operation from
point B to C where the ILC reaches the steady-state condition.

2) Unbalanced to balanced mode: When the distribution
network shifts from unbalanced to balanced mode, the re-
engagement of voltage sources can make the voltage of the
bus that previously lacked a voltage source return to its
rated value and re-establish voltage stability. Therefore, the
proposed scheme can be simplified as shown in Fig. 4a, where
the current controller can achieve power flow effectively.
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Fig. 6. The proposed scheme for the ISOP configuration.

III. IMPLEMENTATION OF THE PROPOSED SCHEME FOR
ISOP CONFIGURATION

Fig. 6 illustrates the schematic of the proposed control
scheme tailored for the ISOP configuration. This setup incor-
porates the voltage control in each module converter, paired
with a singular current control whose output is distributed
among all the voltage control. Regardless of the operation
modes, the steady-state voltage relationship across converters
is maintained as follows:

v1; + v = kvs i=1,2..n 4)

where vy; is the voltage at converter ¢ on the bus 1, and
v is the bus 2 voltage. According to (4), all vy; could be
equal naturally in the steady state regardless of parameter
differences, thereby achieving IVS automatically. The power
conservation satisfies:

Uliili = 'UQZ.Q»L' 1= ]., 2..n (5)

where 71; and i9; are the currents at converter ¢ on the two
buses, respectively. In the steady state, all capacitor voltages
are maintained constant, ensuring zero average current through
each capacitor. This facilitates equal current distribution across
bus 1. Since the voltages on both sides are balanced, io; =
129... = ia,, thereby ensuring the OCS.

The proposed scheme effectively realizes IVS and OCS
without additional control loops, thereby simplifying control
complexity. Furthermore, the requirement of only a single cur-
rent sensor reduces hardware demands. These characteristics
make the proposed scheme well-suited for ISOP configuration.

It is noted that the parameter design of the proposed
controller can be achieved by a two-step approach: The design
process initiates with the unbalanced mode, wherein voltage
control plays a dominant role, with the current control being



TABLE II
SYSTEM PARAMETER

Parameter  Description Value
V1 Bus 1 rated voltage 600 V
V9 Bus 2 rated voltage 100 V
V1 Module converter rated voltage on bus 1 side 200 V
n Number of the module converter 3
k Voltage ratio of module converter 2
f Switching frequency 50 kHz
L Nominal inductance of module converter 20 pH
Ci/2 Input and output capacitor 470uF
N Turns ratio of the transformer 2

treated as the constant disturbance. This simplifies the control
scheme to involve just a single PI controller configuration,
thereby facilitating its parameter design process. With the
voltage control parameters established, the PI controller of the
current control can be obtained by considering the smaller
bandwidth of the voltage control. Each step aligns with
conventional PI controller tuning methodologies, which are
well-established and thus omitted from further discussion in
this work.

IV. SIMULATION RESULTS

To validate the effectiveness of the proposed scheme, dc
distribution systems with two buses interconnected by an ILC
are implemented as shown in Fig. 1. Each bus consists of
a voltage source and a resistive load, and the ILC employs
three DAB converters in an ISOP configuration based on the
switching model. Key parameters are in Table II. According
to (1), the maximum power of each module converter is 5
kW . During normal operation, bus voltage deviations are kept
within 3%, thus the v’ is constrained with £9 based on (3).
To emulate steady-state tolerances and parameter dispersion,
the bus 2 voltage is biased to 102 V and the inductances of
three converters are deliberately set at 22 mH, 20 mH, and 18
mH.

Fig. 7 illustrates the waveforms of bus 1 current i; and
bus 2 voltage vp. At t = 0.25 s, 7,5 changes from -5 A
to -10 A. The results demonstrate that the proposed control
scheme effectively manages the power flow. It is noted that the
current regulation response exhibits relatively slower dynamics
since the bandwidth of the current controller is intentionally
designed to be significantly lower than that of the voltage
controller. This is not considered as the drawback, since
iref, determined by higher-level system management, typically
changes infrequently.

At t = 0.35 s, bus 2 experiences a voltage source outage,
causing an immediate voltage drop due to capacitor discharge.
The proposed controller rapidly compensates for this decrease
by injecting current into bus 2 to provide voltage support.
After the voltage controller stabilizes the bus voltage, the
control process transitions into a second stage governed by
the current controller. With 4,.; held constant, a persistent
mismatch between i,.; and the measured current i; causes
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Fig. 8. Comparison between v’ and actual voltage error.

the control signal v’ to saturate at its lower boundary, making
v9 maintained with small deviation. This is acceptable as the
primary function of the ILC is to maintain voltage stability,
with precise voltage regulation typically managed by addi-
tional converters within each bus to maintain specified terminal
voltage levels. It is noted that a similar response would occur
if bus 1 experienced a voltage source outage, which thus are
omitted here.

To illustrate the decoupling between voltage and current
control loops, Fig. 8 compares control variable v’ and the
actual voltage error e,. It is observed that v’ effectively
compensates the e, during the balanced mode. During mode
transitions, e,, rapidly converges to match v’ and then follows
the adjustments of v’, which shows the bandwidth of the
voltage control is much faster than the current control, thereby
verifying the decoupling. This result is consistent with the
analysis presented in Section II-C1.

Fig. 9 further shows the bus 1 side voltage v1; and bus 2 side
current ¢9; of each DAB converter module. Despite inherent
inductance discrepancies across the modules, the results verify
that IVS and OCS are naturally achieved in a steady state,
validating the suitability of the proposed control scheme for
ISOP applications.
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V. CONCLUSIONS

This paper proposes a unified control scheme of the ILC for
adaptable control capabilities. The proposed scheme integrates
both voltage and current control: the voltage control makes
the ILC behave like a dc transformer to provide voltage
support bidirectionally, while the current control can introduce
a voltage shift for effective power flow management. This
allows the proposed scheme to manage various operation
modes and ensure smooth mode transitions without the need
for mode detection and communication, thereby enhancing
voltage stability across the network. In addition, the proposed
scheme can achieve IVS and OCS without additional control
loops, making it particularly suitable for the ISOP configura-
tion. The effectiveness of the proposed scheme was verified
by simulation tests.
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