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Abstract—Hierarchical control strategies and active power flow
controllers represent distinct approaches aimed at enabling flexible
power distribution among different dc microgrids within a cluster.
To enhance reliability and responsiveness in the face of uncer-
tainties, particularly leveraging intermittent power flow control
(IPFC), this article introduces a cooperative power flow control
strategy. This method integrates an active interlinking converter
featuring hysteresis control into traditional hierarchical control
frameworks, activating the IPFC strategy in response to significant
reference changes or uncertainties and naturally ceasing upon
achieving convergence goals. This approach not only leverages the
structural benefits of traditional hierarchical control but also mit-
igates its inherent response to uncertainties, which can be critical
in dynamic operational scenarios. Importantly, it minimizes the
need for large-scale, high-cost components and avoids additional
switching losses typical of traditional power flow controllers. Fur-
thermore, the proposed strategy is enhanced through the imple-
mentation of a virtual closed-loop control methodology, promising
accelerated convergence rates and heightened operational reli-
ability. Theoretical insights are validated through both simula-
tion studies and experimental demonstrations using a hardware
prototype.

Index Terms—Hierarchical control, interlinking converter, low-
voltage dc (LVDC) microgrid (MG) cluster, power flow control.

I. INTRODUCTION

C MICROGRIDS (MGs) are increasingly garnering at-
D tention due to their advantages over traditional ac MGs,
including superior efficiency, cost-effectiveness, and simplified
control design [1]. Furthermore, the aggregation of numerous
low-voltage dc (LVDC) MGs, as exemplified in data centers,
all-electric aircraft, and shipboard power distribution systems,
into clusters yields substantial advantages. These include fa-
cilitating adaptable power distribution, bolstering resilience,
enabling cost-effective energy allocation, reducing losses, and
optimizing load responsiveness through the integration of dis-
tributed generations [2]. However, LVDC MGs incorporating
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renewable energy sources (RESs) are considered weak grids due
to low inertia and high grid impedance, typically operating at
smaller scales ranging from tens to hundreds of kilowatts [3].
Consequently, these LVDC MGs are susceptible to variations
in reference points and uncertainties stemming from changes in
system load capabilities and RES connections [4].

In this context, clusters of LVDC MGs can be seen as forming
a “weak—weak” network, exacerbating stability issues. Thus,
effective power management becomes pivotal in system control.
The transmission of power through dc cables among distributed
LVDC MGs plays a crucial role in ensuring stability and flexible
power distribution within the cluster, contingent upon factors
such as cable resistance and voltage differentials across cable
ends [5]. Typically, this is managed by coordinated distributed
control systems operating at higher control levels [6].

There are two ways reported in the literature that can be used to
control the power flow in the cluster. The first and traditional way
is to utilize hierarchical control strategies. Hierarchical control
strategies [7], [8] have been proposed to fulfill the aforemen-
tioned control objectives in dc MGs. These strategies entail the
deployment of a coordinated control architecture that integrates
power flow control to influence the dc voltage reference within
the local autonomous dc voltage control system [9]. In the event
of a dc bus fault occurring in any one of the LVDC MGs, the
cluster system will inevitably experience the impact before the
dc breakers have an opportunity to open, despite their presence
[10]. Consequently, the reliability of the LVDC MGs cluster
is significantly compromised from this perspective [11]. For
recent research in hierarchical control, in [12], a hierarchically
coordinated control scheme for dc MG cluster under uncer-
tainties is proposed. A distributed tertiary controller which is
robust against physical (i.e., MG disconnection) and cyber (i.e.,
communication link) failures is proposed in [8]. A unifying
hierarchical control scheme based on distributed communication
is proposed where the tie-line power flow control based on a
pinning control strategy is unified with the distributed optimiza-
tion and average voltage regulation control loops in [13]. The
advantages of these controllers are that they do not need extra
hardware devices meaning less cost and no maintenance require-
ment. However, these control strategies have complex control
structures and intensive computation, resulting in relatively long
response time and convergence time.

The second approach involves interconnecting dc MGs
through dc—dc converters unit. In order to increase operational
reliability and enable flexible interlinking power flow control,
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active interconnecting dc—dc converters [14] can be utilized to
connect multiple LVDC MGs in the cluster. The LVDC MGs
within the cluster are interconnected using a dc—dc converter to
facilitate controlled power exchange through a dc tie-line. Each
individual LVDC MG maintains independent voltage regulation.
In addition to the interlinking tie-line and dc—dc converter, the
power flow of different connected MGs is transferred to the
controller of the interlinking converter through low bandwidth
communication [15]. These interconnected converters are also
known as power flow controllers (PFCs) [16]. However, due to
its expansive design and inherent power loss, PFC is not feasible
in many applications where circulation current can be avoided
by redesigning tie-line placement [17]. Numerous sophisticated
PFC technologies have been innovated to enhance the efficiency
of power flow control [18]. Upon assessing their application
range, these advanced PFC systems can be classified into two
distinct categories: full-voltage compensation range PFCs and
fractional voltage compensation range PFCs.

Full-voltage compensation range PFCs offer a large control-
lable range, which is up to the dc bus voltage, and can manage a
wide range of uncertainties in dc MG cluster. In [19], a PFC is
introduced, utilizing two bidirectional buck—boost converters to
interlink adjacent dc clusters. This system incorporates a decen-
tralized control strategy comprising both voltage droop control
and midpoint voltage control methods to manage power ex-
change and minimize transmission line losses. Nonetheless, the
potential stability challenges arising from the parallel connection
of two bidirectional dc—dc converters on the same line are not ad-
dressed in this approach. In [20], a centralized control algorithm
that consists of a fast lambda iteration and a fast voltage iteration
algorithm based on a multiport converter is developed to address
the power loss problem of power flow control in dc MG cluster.
Similarly, in [21], a PFC utilizes a four-port dc—dc converter
alongside an innovative distributed state-of-charge-based droop
control algorithm aimed at minimizing power losses by reducing
power flow magnitude within the dc MG cluster. In [22], a
multiport interlinking converter integrating three-level neutral
point clamped modules with pluggable full-bridge modules and
its global power sharing strategy involving the intrinsic droop
characteristics are proposed to proactively manage the power im-
balance between power generation and consumption in DCMG
clusters. Although full-voltage compensation range PFCs ef-
fectively handle the unbalanced power distribution resulting
from diverse uncertainties and safeguard against transient faults,
their inherent larger size, elevated costs, and increased energy
losses inevitably restrict their applicability to more specialized
scenarios.

On the other hand, fractional voltage compensation range
PFCs can offer smaller sizes and lower costs. In [23], a novel
coordinated power control framework involving isolated bidi-
rectional dc—dc converters, which adopts standard proposed
droop control for dc MGs and a unified control for active
PFCs, is proposed for dc MG cluster. Similarly, a load flow
converter that works as active PFCs in the cluster is proposed
to interconnect two adjacent dc MGs and control bidirectional
power flow between them to address the problems associated
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with uncertainty of renewable energy generation systems in [24].
In [25], a novel bidirectional hybrid dc—dc converter suitable as
an interface between dc MGs, which gives the advantage of a
high voltage conversion ratio without using a transformer, is
proposed. The advantages of fractional voltage compensation
range PFCs are that they can respond to uncertainties very fast
and can make the system robust to many uncertainties which are
caused by the uncertain and intermittent nature of RESs [26].
However, these aforementioned fractional voltage compensation
range PFCs may face difficulties in accommodating wide voltage
ranges during substantial transients and are constrained in their
capacity to effectively mitigate transient faults.

This article addresses the aforementioned challenges by in-
troducing the concept of intermittent power flow control (IPFC)
derived from the full-voltage compensation range PFC con-
cept. The term “intermittent” signifies that this control strategy
actively operates as an interconnected device during transient
periods induced by reference changes or uncertainties while
automatically deactivating during stable conditions. This ap-
proach minimizes the switching frequency of power devices,
thereby reducing switching losses within the interconnected
device. Recent advancements enhance the efficacy of power
flow control within LVDC MG clusters by altering the control
structure or converter topologies in the power flow control. In
contrast to recent research, the article proposes a PFC situated
outside the traditional hierarchical controller, incorporating an
interconnected dc—dc converter with a tailored control method.
Its objective is to effectively manage unbalanced power flow
within LVDC MG clusters. Furthermore, the article develops
an enhanced strategy to improve control performance, empha-
sizing rapid convergence and narrow current ripple. The main
contributions of this article are highlighted as follows.

1) A cooperative power flow control which contains the hys-
teresis control module and the hierarchical control module
is developed for the LVDC MG cluster. The hysteresis
control module involves an active interconnected device
featuring a four-switch buck-boost converter topology
with its corresponding hysteresis control.

2) A virtual closed-loop-based improvement strategy based
on the basic principle of the proposed cooperative control
strategy is developed to facilitate better control perfor-
mance. The virtual closed-loop-based improvement strat-
egy ensures that the fast convergence speed and small
hysteresis band can be obtained at the same time.

The rest of this article is organized as follows. Section II
derives the uncertainty modeling of the LVDC MG cluster under
traditional hierarchical control considering reference tracking
and disturbance uncertainty during operation. Section III intro-
duces the basic control principle of the proposed IPFC, which
involves a buck/boost converter with a tailored control strategy
and hierarchical control along with the selection of the hardware
parameters and control parameters. Section I'V develops a virtual
closed-loop-based improvement to obtain faster convergence
speed. Validation of the analysis with simulation and experi-
mental studies is presented in Section V. Section VI draws the
conclusion.
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Fig. 1. Single-line diagram representation and associated radial graphs of two
independently owned LVDC MG interconnected by a tie-line under hierarchical
control.

II. UNCERTAINTY MODELING IN CLUSTER UNDER
HIERARCHICAL CONTROL

This section elaborates on the operational capabilities of
interconnected LVDC MGs employing tie-lines within a hier-
archical control framework while also outlining the challenges
encountered in managing power flow within such LVDC MG
clusters. Furthermore, it tackles the complexities of uncer-
tainty modeling, thereby ensuring a representation of real-time
dynamics.

A. Hierarchical Control in LVDC MG Cluster

Power flow control utilized in the LVDC MG cluster consists
of cluster control and tie-line control [27]. In cluster control, each
MG runs a separate consensus control to improve the reliability
of the system [28]. In tie-line control, the system voltage of MG
can be adjusted to a specific level during different transients
to manage the impact of uncertainties. Under such a coupled
power flow control strategy, the whole MG can act as a single
source. To further explain the function and characteristic of
the power flow control in the LVDC MG cluster, two radial
type LVDC MGs connected via a tie-line forming a cluster is
analyzed in this article, as shown in Fig. 1. In this system, the
tie-line current is measured and sent to the tie-line controller.
From the functional perspective, the tie-line controller controls
the power flow on the tie-line. From the hierarchical control
scheme perspective, the tie-line controller belongs to the tertiary
control layer of the hierarchical control scheme. The tie-line
controller then generates the term AV, after comparing the
reference current with the tie-line current and then processing
the error to a PI controller. After that, 6 Vi;. will be sent to the
secondary control layer in each MG that contains an average
voltage regulator (0V,y,) and current sharing regulator (6 Vegs;)
through the communication network with a separate controller.
The term §V is then added with the nominal value of the bus
voltage (V,er) to generate the reference average voltage (V,),
which is then processed to the primary control level.

Finally, the reference voltage to the primary control level can
be obtained as

Vietx = Vier + 0V
OV = 6Vie + 0Vayr + Vit ey
where
Kie
s

5KieA = Vi)usAKptie (Itrizf - Itie) + ViausA (Itriif - Ilie)
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Ki,sv
5VavriA = (Kpsv + s > ' (Vrated - Vam’,A)
Kisc
OVesria = (Kpsc + 3) “(Tavi,a — 1ia) ()

where Vi,eq represents the rated voltage of MGA, I; 4 represents
the output current of converter i in MGA, K ¢ie and Kigie, Kpsy
and K, and K. and K;, are the corresponding proportional
and integral gains for the tie-line controller, average voltage
regulator, and current sharing regulator, respectively. V4, 4 and
I 4.;, 4 Tepresent the estimated average voltage and current of the
converter i in MGA, respectively.

Although hierarchical control can control power flow in the
DC MG cluster without the need for additional power electronic
hardware, it may exhibit complex control process due to the
communication between different control levels in hierarchical
control. The bandwidth of each hierarchical control outer loop
is always designed lower than the inner loop bandwidth to avoid
the interaction of inner and outer control loops. When hierarchal
control is used with consensus algorithm, the overall conver-
gence rate of the control further decreases. Although there are
no communication delays, the bandwidth of the consensus in the
hierarchical control can be designed arbitrarily high. However,
the bandwidth of the consensus control loop has upper limits
due to communication delays, and, in addition to accounting
for uncertainties, it is not advisable to set the bandwidth of the
consensus algorithm arbitrarily large. To be modest, considering
the switching frequency of several hundred kilohertz in the
single dc—dc converter within the MG, the bandwidth of the
inner control loop is typically in the range of tens of kilohertz. To
avoid interaction with the primary control loop, the bandwidth
of the secondary control loop is around a few kilohertz and when
consensus is added, the bandwidth is generally reduced to less
than one kilohertz. To put it briefly, fast uncertainties in one MG
can adversely affect the performance of other MGs, potentially
compromising the reliability of the entire cluster.

B. Uncertainty Modeling Analysis of Cluster

A comprehensive set of constraints arises from both real
parametric uncertainty and disturbance uncertainty, presenting
intricate challenges. These uncertainties can induce disparate
response characteristics across a broad spectrum of reference
tracking and disturbance scenarios during system operation.
AZ signifies the parametric uncertainty within the Thevenin
equivalent impedance, traditionally characterized by two spe-
cific conditions. The first pertains to situations where the line
resistances among MGs are different from each other within a
cluster. The second scenario involves nonfunctional secondary
control, where local droop control assumes primary responsibil-
ity for managing the voltage and current of MGs, considered the
upper limit of parametric uncertainty. AV,, denotes disturbance
uncertainty affecting MGs within the cluster, typically stemming
from control system faults, with an average value ranging from
1% to 2% (Viaea) [8]- By comprehensively considering these
aforementioned uncertainties, one can delineate the inherent
limitations of the system.
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= Voal +

Fig. 2. Equivalent circuit of uncertainty modeling during (a) steady state and
(b) communication failure.

For a deeper exploration of the cluster’s uncertainty charac-
teristics, a communication failure is considered a crucial fault
scenario in this article, as depicted in Fig. 2. Assume MGA
consists of n converters. V44, represents the average value of
the dc—dc converter output voltage within MGA. V,, 4, represents
the aggregation of voltage uncertainties and voltage adjustments,
as well as the impact of line resistance (R)ine;) of line;, while
I4; denotes the current generated by the power electronics
converter #i in MGA. 0V; represents the balancing voltage
of line,;. To enhance local reliability, the secondary consensus
within the communication network of MG is constrained to the
respective MG itself. A simplified analysis of communication
failures within the LVDC MG cluster and its ramifications are
presented in this section. For simplicity and validity, a cluster
consisting of two LVDC MGs with a tie-line is considered. When
secondary control works, current sharing and voltage restoration
can theoretically be attained. The steady-state model for line;
and the whole MGA can be derived from the aforementioned
considerations.

For the line; in MGA

0Vi + Lai - Riineai = Voai- 3)

For the whole MGA with n lines

Z oVi + Z I4; - Riineai = Z Vo si- )
=1 i=1 i=1

Considering that the secondary control objectives: current
sharing and voltage restoration both have been achieved in
MGA, the equation of the current generated by power electronics
converter i in MGA and the balancing voltage term 0V in line,
can be obtained as

Igg=-=Ia=-=1Ign=14 (5)
>lim 0Vi=0.

Then the voltage term and current term in (4) can be changed
into

V;eq = VOAZ' = VoA
n 6
{Zi—l Voai =nVoa ©)
Teq = nlpo. (7)
Then (4) can be obtained as follows:
IAO : Z RlineAi = nAVoA~ (8)

i=1
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By combining (6)—(8) together, the equivalent Thevenin un-
certainty impedance (Z,4) of MGA with n lines equals

Tao-20; | Riineai n
ln _ Ei:l RlineAi

nl o n2

ZOA = E = VOA =
qu nIAO

©)

As is observed in (9), the equivalent Thevenin uncertainty
impedance (Z, 4) of the MGA during steady state is primarily
influenced by line resistances of different lines in MGA and
stays at a relatively small level. However, if a communication
failure occurs in the secondary control layer within MGA, it
becomes inoperative, preventing consensus from being achieved
in the secondary control layer. This situation leads to alterations
in the adjustment of voltage in hierarchical control, ultimately
leading to the situation where the secondary controller fails
to compensate for the voltage drop caused by the local droop
control in the primary controller. The equivalent circuit is shown

in Fig. 2. Ryyo0pi represents the droop resistance of line;
Voai = Riinei - Tai + Varoopi- (10)

Meanwhile, the equivalent Thevenin impedance Z, 4; of line;
can be calculated as

Veqi
Zoni = Iﬂ = Riinei + Raroopi (11)
eqe
ZoA:ZoAl//--~//Z0Ai//~--//ZoAn- (12)

Upon comparing (9) and (12), it can be inferred that the
occurrence of a communication failure in MGA may change
the equivalent Thevenin uncertainty impedance (Z,4) of the
MGA, and then the power flow will be affected. The secondary
controller compensates for the voltage drop caused by the droop
control during steady state and slow transients when the sec-
ondary controller is working properly. However, the equivalent
resistance of the droop gain is usually set several times the line re-
sistance to achieve the accurate current sharing when secondary
control is not enabled. When adding the secondary controller to
work cooperatively with the primary controller, as the control
bandwidth of the secondary controller is much smaller than that
of the primary controller, the control process of the primary
controller can be neglected. Meanwhile, the primary controller
always works and the droop parameters are not changed. When
the secondary controller is not working properly, the influence of
the droop parameters will be revealed, resulting in much larger
equivalentimpedance (Z, 4 ) of MGA. Furthermore, based on the
steady-state analysis of the cluster with hierarchical control, it is
evident that fast transients such as communication failures, the
activation/deactivation of large loads, or short-circuit faults in
one MG can disrupt the steady-state model of the respective MG.
This disruption may propagate to other MGs through tie-line, as
shown in Fig. 2, ultimately diminishing the reliability of the
entire cluster.

C. Performance of the Cluster During Different Uncertainties

The uncertainty modeling under hierarchical control dur-
ing transients is formulated and scrutinized in Fig. 3. Upon
considering the tie-line current influence on the reliability of
the cluster system, the uncertainty model of the system under
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Fig. 4. Equivalent circuit of the LVDC MG cluster under the proposed coop-
erative power flow control considering transients.

various uncertainties can be obtained, as shown in Fig. 3, where
the uncertainty parameters AZ, AV, and Ry in the cluster will
modify according to the depth of fault and type of fault.

In the depicted equivalent uncertainty model of the LVDC MG
cluster illustrated in Fig. 3, various uncertainties are considered,
encompassing scenarios such as communication failures, short-
circuit faults, and voltage fluctuations. When a communication
failure occurs within an MG, the MG’s impedance (Z,) may
exhibit an uncertainty parameter AZ, potentially leading to
changes in the output voltage 6V. Similarly, during a short-
circuit event, the load resistance ([Rjoq) Within the MG may
be subject to an uncertainty parameter ([2y), and the MG’s
impedance (Z,) might also experience an uncertainty parameter
AZ. Simultaneously, as the focus of this article is on LVDC MGs
that are stabilized by a set of power electronics converters, here
referred to as voltage balancing converters (VBCs). In the event
of voltage disturbances within an MG, the MG’s voltage could
manifest an uncertainty parameter AV,,. Furthermore, when
faced with large uncertainties, VBC within the MG may undergo
a transition from its initial role as a voltage source to function
as a current source. Utilizing this comprehensive uncertainty
model encompassing various uncertainties, it becomes feasible
to assess the transient limits governing system reliability, thereby
deriving better power flow control design.

As a short summary, when uncertainties happen in clusters,
MG voltage, equivalent impedance, and MG loads may undergo
different depths of uncertainties. However, if the tie-line cur-
rent can be controlled faster and more accurately under the
abovementioned conditions, the reliability of the system can
be improved. Ensuring accuracy is crucial, especially when the
MG operates at its power limit and lacks sufficient capacity for
transient power reserve, this need becomes even more stringent
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when critical loads, with tight voltage tolerance requirements,
are connected to the MG.

III. PROPOSED IPFC TOPOLOGY AND CONTROL PRINCIPLE

Hierarchical control can compensate for the transient current
in tie-line by initiating voltage adjustments to regulate voltages
at both ends. However, the communication between different
control levels in hierarchical control may make it susceptible to
uncertainties in voltage and impedances along the tie-line, po-
tentially prolonging transient processes and leading to additional
power loss and struggle to address fast transients, as discussed
in the previous section.

To overcome the above-mentioned challenges, a method for
power flow control in the LVDC MG cluster is proposed in this
section, aiming to address the limitations of both hierarchical
power control and hardware-based approaches. By integrating
a buck/boost converter with a tailored control strategy to work
corporately with the hierarchical control, the proposed method
that activates power flow control of buck/boost converter during
significant transients and ceases operation once current error
diminishes, resulting in a more compact, cost-effective design
with enhanced transient response effectively reduces switching
loss, eliminates transient time, and can compensate for many
different uncertainties in the cluster.

A. Control Principle of IPFC

Fig. 4 illustrates the equivalent circuit of the proposed co-
operative power control method within the simplified LVDC
MG cluster. It includes the hardware-based approach and the
hierarchical control. 6V represents the control voltage generated
by the hierarchical control. AV, and AZ represent the uncer-
tainty in voltage and impedance of both ends of the tie-line,
respectively. Vyiga represents the total voltage of MGA, which
contains reference command V4 and uncertainty voltage AV, 4.
Vierr and Viig represent the So and S4 MOSFETs drain-source
voltages, respectively. The equivalent circuit of the buck/boost
converter with modified current-mode hysteresis control method
in the simplified LVDC MG cluster is also illustrated in Fig. 4.
It includes a buck/boost converter comprising four switches (S,
So, Sz, S4) and an inductor (L g). The ON-times of S; and S,
as well as S3 and S, are complementary. The hysteresis control
module manages the inductor current (I, ), ensuring it remains
within the specified hysteresis band AH.

For the positive direction of I, 5, 0 could be used as the lower
and fixed bound, while AH acts as the upper and controllable
bound that allows a variable width of the hysteretic band. How-
ever, when the direction of I, g has to be reversed, I, g becomes
negative and 0 has to be used as the upper and fixed bound while
-AH is the new lower and controlled bound. Furthermore, the
switching frequency of the hysteresis control can be obtained as

AH
At; = Lp (13)
MGA
AH
Aty =Lg|————— 14
? P 1 Vaoa — Vuos (14)
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where At; represents magnetizing time, Ato represents de-
magnetizing time, and fy, represents the variable switching
frequency.

Since the hysteresis control is very fast, it can maintain the
tie-line current error never exceeding the hysteresis band AH.
Meanwhile, the average value of the tie-line current error can be
maintained at the level of AH/2 after the first hysteresis control
cycle and the equation can be obtained as follows:

6Va = VaKpie (I — Lie) + Va / Kiie (I — Ie) dt

AH

Itrieef — I[ie == T

K e 1s considered significantly small compared to K. and
the high-frequency signal can be neglected; only the mean value

of the tie-line current will be integrated

AH
0Va = VA/Kme (2) dt

AH
5VA = VAKitie <2) t+ 5VA0

A7)

(18)

where 0V 4 is the initial value of the adjustment voltage of 6V 4
Wica = 0Va + V4 + AV, 4. (19)

Fig. 5 illustrates the intricate control schematic of the pro-
posed cooperative PFC, emphasizing the interconnections be-
tween its various control modules. These modules encompass a
hierarchical control module, a hysteresis control module, and a
tie-line control element. In order to control the current within the
hysteresis band and allow the change of the bounds, the circuit
shown in Fig. 5 is proposed.

The current-mode hysteresis control module for the
buck/boost converter is implemented by using two single-
threshold comparators and a latch. A linear current sensor senses
the current information and generates V;z, signals. The inputs
needed include the command /..t, which can be determined
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Fig. 6. Proposed cooperative power flow control procedure.

arbitrarily by the users based on the application, and the com-
mand AH/2, which can be used to control the average value of
the current error at AH/2 for positive direction or -AH/2 for
negative direction, respectively. The upper and lower values of
the current error are set by clamping the current error to AH
for positive current direction and -AH for negative direction,
respectively. The current through the inductor is subjective to
the I.o¢ and then compared with the lower and upper bounds
and the latch generates two groups of complementary signals,
which can be used for driving the main transistors in the power
stage. In addition, a driver stage should be included to add the
dead times between these signals and to properly drive the power
transistors.

The control procedure of the proposed cooperative power flow
control is illustrated in Fig. 6, where W represents a priori
given bounded set of initial conditions Wy C RN, which will
be explained in the following section. To further elaborate the
basic principle of the proposed control method, a basic example
of implementation is analyzed. The positive direction of the
inductor current is considered here. If the tie-line current error
exceeds the preset hysteresis band AH, the system will change
from Stage 1 to Stage 2 where the system is managed by the
hysteresis control module and hierarchical control module. As
the current continues to converge and the voltage difference
between the two ends of the tie-line decreases, the system will
change from Stage 2 to Stage 3, which means the hysteresis
control module will naturally stop working and the hierarchical
control module will take over the power flow control of the
system. On the other hand, the tie-line current error does not
exceed the preset hysteresis band AH at the first stage. The
system will change from Stage 1 into Stage 3 and back to Stage
1 after the steady state has been reached.

Finally, the switching frequency of the converter can be
obtained as

Wica — Ve = 0Va + AV (20)
AH
VaKiie (2) t+ Va0 + AVyua 21
1
fsw = AH AH (22)
Lp ’VMGA +Lp ‘VAKilie(ATH)t"F(SVAO"FAVuA




9054

Iref"ILB

AH/2 :

Fig. 7. Key waveforms of the current error under the proposed cooperative
power flow control.
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Fig. 8.  Variable switching frequency with different bandwidths of hysteresis
ripple under different inductances.

When the difference between Vjiga and Vygp is becoming
relatively small, the switching frequency of hysteresis control
will approximately equal to zero, then the hierarchical control
will start to take over. t.; and t.,. represent the time when
hierarchical control takes over in forward direction and in reverse
direction, respectively

t
5Va=VaKpie (I —Iie) +Va / Kiie (I —Ie) dt + 6V,
tey

I — Ise| < AH for t > t.s (23)
|AVy 4 + 6Vaol

tc = . 24

f VaKiie(AH/2) .

When the current error remains in the hysteresis band and does
not exceed the boundary, the hysteresis control-based converter
will not be activated. Then, hierarchical control will take over
until the current error finally convergences to zero.

The key waveforms of the error between the inductor current
and the reference value in forward and reverse direction are
shown as an analog control performance in Fig. 7 . Under the
proposed control, fast and accurate power flow control can be
realized. Fig. 7 is shown as an explanation of the example of
analog control. For the positive direction of I 5, I p is first
regulated by the hysteresis control and the average value of
the inductor current is controlled at AH/2 and the current is
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controlled within the set upper bound (AH) and lower bound
(0). Afterward, when the switching frequency becomes small
enough which means the difference between Vyga and Vvgs
becomes relatively small, hierarchical control will take over
until the inductor current has been controlled to the reference
11 prer accurately. Similar process happens when the direction is
negative.

B. Stability of the DC MG Cluster With IPFC

The stability of the system should be guaranteed when apply-
ing the IPFC into the dc MG cluster. The hysteresis control
module in the proposed cooperative power flow control acts
approximately equivalent to a saturation. Then the stability
analysis of the dc MG cluster with IPFC can be equivalent to
the analysis of a linear system with input saturation. Adding
the IPFC introduces input saturation into the linear system, pre-
venting the tie-line current from exceeding the preset upper and
lower hysteresis boundaries. From this perspective, the entire
dc MG cluster must satisfy the necessary conditions for system
stability when taking input saturation into account. To analyze
the stability of the linear system considering input saturation,
the semiglobal exponential stabilization method is utilized. This
method ensures that the system remains stable within a finite,
localized region of the state space, typically corresponding to
the system’s operating range.

The dc MG cluster system can be obtained by eliminating the
intermediary and auxiliary variables and be considered a linear
system as follows:

= Az + Bu

y = Cx. (25)

When adding the IPFC into the cluster, the hysteresis control
module in it can maintain the tie-line current error never becomes
greater than the hysteresis band AH. Meanwhile, the average
value of the tie-line current error can be maintained at the level of
AH]/2 after the first hysteresis control cycle, which is a very short
time interval as the switching frequency of the hysteresis control
module is very high. Afterward, the tie-line current error is
maintained within the hysteresis band. As the voltage difference
across the tie-line decreases, the switching frequency of the
hysteresis control module reduces. If the hierarchical tie-line
current controller error converges asymptotically, the tie-line
current error will not reach either the upper or lower boundary of
the hysteresis band. The tie-line current error reaches zero when
the control output of the hierarchical control §V approximately
equals the voltage difference across the tie-line. Applying the
IPFC to the tie-line is approximately equivalent to introducing
input saturation into the original linear system, which can be
described as

& = Ax + Bog(u)
y=Cx (26)

where x € RN and u € R are the system state and input saturation,
respectively. A saturation function o is employed in this cluster
system and the control input corresponds to the tie-line current
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error. Thus, o (s) is defined as a bounded function given by

Cif (Trer — IB) > ¢
Lt — Inp,if [Let — ILB| < ¢
—C,if (Lrer — IB) < —C

og(u) = 27)

where ¢ equals AH/2 in the case proposed in this article.

The following assumptions on the system (26) can be made
here: (A1) All the eigenvalues of A are located on the closed left
half s-plane. (A2) The pair (A, B) is stabilizable.

Comment 1: The assumptions mentioned above can be satis-
fied by replacing the PI controller in the tie-line controller with
a lag compensator.

Definition 1. (Semiglobal exponential stabilization via linear
static state feedback): The system (26) is semiglobally expo-
nentially stabilizable by linear static state feedback (the system
consists of hierarchical controller only) if, for any a priori given
bounded set of initial conditions W C R, there exists a state
feedback law u = Kx such that the equilibrium x = 0 of the
closed-loop system is locally exponentially stable and W is
contained in the domain of attraction of the equilibrium x =
0; K represents the state feedback gain.

Comment 2: Considering tie-line current perturbation smaller
than hysteresis band, a predefined range W C R" can be provided
such that there exists a state feedback law to make the system
locally exponentially stable.

Theorem 1: The linear system considered here is semiglob-
ally exponentially stabilizable via linear state feedback satis-
fying the assumptions Al and A2 above. Namely, for any a
priori given (arbitrarily large) bounded set W and any (arbitrarily
small) AH, there is a linear control law u = -Kx such that
(a) the equilibrium x = 0 of the closed-loop system is locally
exponentially stable and (b) W is contained in the domain of
attraction of the equilibrium x = 0.

Comment 3: Referring to the results of [29], the dc MG cluster
system is semiglobally exponentially stabilizable by linear static
state feedback. Based on the initial conditions of the cluster,
there exists a state feedback law o (1) = KCx such that the
equilibrium x = 0 (Let-I.p = 0) of the closed-loop system is
locally exponentially stable and W is contained in the domain of
attraction of the equilibrium x = 0 (/.o¢-I1, 5 = 0). The proof of
the Theorem 1 is shown in [29]. It should be mentioned that the
value of the hysteresis band AH should be carefully designed
and calculated to be greater than the upper error boundary of the
hierarchical control tie-line current static state error.

C. Selection of Hysteresis Band and Switching Frequency

It is crucial to select an appropriate hysteresis band for [IPFC
to maintain the source current within a certain level during ref-
erence current change, parametric uncertainty, and disturbance
voltage uncertainty. The objective of selecting the hysteresis
band involves two issues. The first objective is to ensure that the
power consumed by the loads of each MG connected through tie-
line remains shall not overload other MGs. The second objective
is to maintain the source current at a level that prevents the output
currents of MGs from approaching or exceeding the saturation
current. The hysteresis band should be a variable with different
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Fig. 9. Key waveforms of the tie-line current error and the control signal of

IPFC during operation.

requirements. In this article, hysteresis band is considered to be
set within 20% of the nominal current.

To show the relationship between switching frequency fy
and the hysteresis band AH considering different IPFC inductor
Lp more intuitively and clearly, for simplification, based on
the (16) which can be used to describe the relationship between
hysteresis band AH, IPFC inductor L g and switching frequency
fsw. the boundary of the switching frequency f when faced
with a certain uncertainty is analyzed as is shown in Fig. 8. fg
varies linearly with the hysteresis band, allowing determination
of the appropriate hysteresis band range.

D. Power Loss Characterization of IPFC

The key waveforms of the tie-line current error (I — I17.B)
and the control signal (v4s) of IPFC are shown in Fig. 9. The
corresponding control signals vy, (i = 1, 2, 3, 4) represent the
gate signals of S; and the active period of IPFC only occurs
when large uncertainties happen. To indicate the improvement
of the proposed IPFC from the power loss and hardware size
perspective, a comparison of the power loss between the pro-
posed IPFC and traditional PFC is shown as follows. The power
loss considered in this article involves conduction loss Pey,q and
switching loss Py

An appropriate model for conduction loss P.y,g is recom-
mended as follows:

Pcond = IDrms2Ron (28)

where R,, represents the ON-resistance for the MOSFET, I pyps
represents the MOSFET drain rms current. Meanwhile, the appro-
priate model for switching loss P, of MOSFET is approximately
as follows:

Py =0.5Vplp (tsw(on) + tsw(off)) fsw

where Vp represents the drain-to-source voltage across the
MOSFET, Ip represents the drain current across the MOSFET,
Isw(on) and sy (ofr) are the MOSFET rise time and MOSFET fall
time. The model of power loss can be obtained as

Pmos =

(29)

cond Psw~ (30)

Then the power loss of the full-voltage compensation range
PFC can be calculated as follows:

Ploss = Pcond + Psw ~ (Iref)QRon

+0.5Vp (Iref) (tsw(on) + tsw(off)) fsw (31)
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TABLE I
CHARACTERISTICS OF DIFFERENT UNCERTAINTY CATEGORIES
Uncertainty Upper Duration of | Recovery Corresponding
Category Limit of fast time [
Occurrence | Uncertainty | interval
Frequency
Resources Once Tens of Tens of 20 X 107%/60
Variability every Milli- Milli-
minute seconds seconds
Load Once Tens of Tens of 20 X 107%/60
Changes every Milli- Milli-
minute seconds seconds
Commun- Once Few Tens of | 5/(60 X 60 X 24)
ication every seconds Milli-
Failure day seconds
Short Once Tens of Tens of |20 X 10°/(60 X 60
Circuit several Milli- Milli- X 24 X 2)
Fault days seconds seconds

where Vp is approximately equal to Vyiga or Vigs. Since the
current ripple is not very large, the drain current /p will be ap-
proximately equal to I,.;. However, compared with full-voltage
compensation range PFCs, which have continuous working op-
eration, IPFC actively operates as a brief operation device during
transient periods induced by uncertainties while automatically
deactivating during steady conditions. The analysis of the ef-
fective switching loss generated by IPFC faced with different
uncertainties is provided here. A coefficient egy, is proposed to
describe the effective characteristic of the IPFC switching loss

tOC

twh (32)

Esw =

where t,. represents the duration of the uncertainty and ¢,
represents the mean time between the occurrence of uncertainty.
Different uncertainty categories and their corresponding charac-
teristics are listed in Table I.

As for the power loss of IPFC

Psw = 0‘E—)‘/YDID (tsw(on) + tsw(off)) fsw * Esw- (33)

In this way, since IPFC only works when large uncertainties
happen and the coefficient term ey, usually stays at a relatively
low level, the IPFC switching loss will only represent a very
small fraction of the power loss of IPFC. The power loss of the
proposed IPFC can be obtained as follows:

]Dloss - Pcond + Psw ~ (Iref)2R0n (34)

which means higher switching frequency can be utilized in
the IPFC design to obtain better control performance without
causing too much switching loss. Furthermore, the relevant
inductors and capacitors of IPFC hardware can reduce the cost
and hardware size without affecting the control performance.
Compared with fractional voltage compensation range PFCs,
which usually have two stages and a tailored transformer in
their control structure, the IPFC strategy can manage a larger
control range without enlarging the hardware size or making
the control structure more complex. The average power loss
map of the existing PFC with a continuous working operation
and IPFC with an intermittent working operation is shown in
Fig. 10. Fig. 10(a) shows the power loss for the full-voltage
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Fig. 10.  Average power loss of tie-line type DC MG cluster with (a) existing
PFC and (b) proposed IPFC.

TABLE 11
PARAMETERS OF THE MOSFET USED IN IPFC
Parameter Symbol Value
Conduction Resistance R,, 8mQ
Reference Current Loy 5A-40A
Switching Frequency fow 1kHz-50kHz
Drain-to-Source Voltage Vp 400V
Drain Current Iy 5A-40A
MOSFET Rise Time Lorwon) 41ns
MOSEFET Fall Time Lo 64ns

compensation range PFC. Fig. 10(b) shows the power loss map
for the proposed IPFC.

As shown in Fig. 10, there is a great decrease in power loss
when the reference current and switching frequency stays at
the same level. The result clearly demonstrates that the IPFC
exhibits a relative lower power loss compared with a PFC with
continuous working operation and indicates that the switching
frequency can be selected relatively large by utilizing the IPFC.
Furthermore, the power loss calculation parameters are listed in
Table II.

To be modest, if the switching frequency can be increased
to twice the existing PFCs, then according to the previously
established relationship between switching frequency and in-
ductor size, the inductance value can be reduced to half while
maintaining the same control performance. This would lead to a
30% reduction in the size of the inductor. Furthermore, based on
the above discussion, the proposed control strategy allows for
an increase in switching frequency without causing significant
switching loss. The power density of the experimental prototype
developed in this article can reach 13.3 W/cm?.

IV. IPFC CONTROLLER DESIGN IMPROVEMENT

A. Influence of Hysteresis Band Value on Convergence for
Voltage Uncertainty

The performance of the tie-line current error and the corre-
sponding output of the tie-line controller is shown in Fig. 11,
where V, represents the output of the tie-line controller and
I1. B — I represents the tie-line current error. The process they
undergo is interconnected. The hysteresis control module di-
rectly controls the tie-line current, while the hierarchical control
module controls the tie-line current through the output of tie-line
controller. Since the control loop frequency of the hierarchical
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Fig. 11.  Waveforms of the output of the tie-line controller under the proposed
IPFC and the corresponding current error.
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Fig. 12.  Waveforms of the current error under the hierarchical control and the

proposed IPFC with different hysteresis bands.

control module is relatively low while the switching frequency
of the hysteresis control module is relatively high, the current
error initially exhibits characteristics of hysteresis control at the
first stage. After that, the subsequent control output waveform
and current error will display the characteristics of classical PI
control as the hysteresis control module stops working.

Fig. 12 illustrates the evolution of the current error to demon-
strate the impact of different hysteresis bands AH;, AHs, and
AHs. These lines depict responses to sudden changes in voltage
uncertainty with AH;>AH>>AH3. When a change occurs in
the reference current, it is evident that the purple line has a
shorter hysteresis process compared to the blue and yellow lines
despite its larger amplitude of current error. In addition, when
considering voltage disturbance uncertainty, a longer hysteresis
process may occur compared to the scenario of a reference
current change.

The hysteresis band influences the performance of the control
process. If it is too small, although it can maintain the current
within a narrow range, it will inevitably result in a longer hys-
teresis process, potentially leading to increased switching losses
and an extended duration of the control output remaining in the
transient level. Conversely, if the hysteresis band is relatively
large, although the current can quickly converge to the reference,
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Fig. 14.  Equivalent circuit of the steady-state circuit of LVDC MG cluster
with IPFC.

it may fluctuate within a wider range, leading to increased power
losses and increased ripple size during the active period.

B. Virtual Closed-Loop-Based Improvement

Increasing the convergence speed is the objective of the
improvement. However, achieving both goals simultaneously
requires more than just the appropriate selection of the hysteresis
band.

During the operational phase of the IPFC, the virtual closed-
loop module will be engaged, while during its inactive phase,
the original loop, as depicted in Fig. 13, will take effect. To
further illustrate the voltage modification logic, principle, and
parameters, the equivalent circuit of the LVDC MG cluster with
IPFC is shown in Fig. 14.

Upon implementation of the proposed IPFC, its operational
functionality can be observed in Fig. 14, which depicts the
equivalent circuit of an LVDC MG cluster featuring IPFC. Here,
VMmca and Vg denote the equivalent voltage sources of MGA
and MGB, respectively. AV represents the voltage differential
between MGA and MGB, with <AV> denoting its average
value. For simplicity, the resistance of the tie-line is deemed
negligible and thus excluded from consideration.

In scenarios involving uncertainties or changes in reference,
the IPFC initiates action, regulating inductor current within the
hysteresis band AH. Within a very brief period [0, Az,], where
At, denotes the cycle time derived from the subsequent equation

It — IB

AtLa - (LB + Ltie) (35)

Vwmca

For the practical value of the tie-line inductor, At, is approx-
imately no more than hundreds of microseconds.
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Considering the right arm is modulating, Vi;en: and D can be
expressed as

0, t € (0,DT)

Viight = {(1 _D)(Vaes), te(r,T) 9
Aty

D= —— 7

At + Aty (37)

Given that the voltage variation AV changes at a much slower
rate compared to the switching frequency of hysteresis control,
and Vmga and Wygp evolve gradually during the hierarchical
control process, it can reasonably be inferred that the hysteresis
process operates close to its steady-state value. Consequently,
the average voltage and current generated by the IPFC hardware
can be expressed as follows:

(38)
With the IPFC hardware maintaining the inductor current

within the hysteresis band, the derivative of the average current
equals 0

d{ILp)
T 0. (39)
The voltage of the IPFC’s inductor can be expressed as

dl

L7 = (D)Vea + (1 = D)(Viiaa — Vargs) ~ (40)
and

d(l

A ng> = (D) Vuoa + (1 = D) (Vaaca — Varcs).  (41)

Consequently, the average value of duty cycle <D> can be
derived as follows:

Vwmce — VA
(D) = MG}; MGA (42)
MGB
Since the difference between Vyga and Vg is relatively
small as well as <D>, then the <D>I;, in Fig. 11 can be

neglected and the state-space model changes from

d{I.p)
dt

Wica = (AV) + Vmes + (Lie + L) (43)

Into

(AV) = Vmga — Vmos- (44)

Equation (44) consistently holds true following the initial cycle
of hysteresis control. Moreover, leveraging (44), the difference
VMca — Vmes can be computed using the approach elucidated
later in this section. Nevertheless, the system under hierarchi-
cal control in the absence of the IPFC demonstrates stability
and convergence concerning the original tie-line current, al-
beit amidst substantial transient conditions. Consequently, the
change in inductor current without utilizing the IPFC can be
evaluated by integrating the variation in <AV> during [0, #,],
where ¢, represents the time for the control process

_ / (AV) dt

Alge =
7 Lie+Lp

(45)
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1
Lie = Io + Alje = I —0—7/ AV)dt 46
tie 0 tie 0 Ltie i LB < > ( )
where I is the initial value of the current before the start of
IPFC. Al represents the tie-line current change estimation
during the transient

1
- AV dt.
Lie + Lp / (av)

Therefore, by establishing a virtual closed-loop system that
incorporates the information of Vjyyga — VMmas, the system con-
trol can progress seamlessly, treating this virtual data compara-
bly to actual information, thus facilitating a natural evolution of
control mechanisms. In this section, a virtual closed-loop control
for IPFC is proposed, as shown in Fig. 13. Simultaneously, upon
the establishment of known values for L and L, the virtual
current error can be calculated as follows:

ﬁ /0 C(AVYd = (ATLp) .

During the active period of IPFC, the derivative of the average
inductor current is very small. Then the virtual closed loop can
be used to generate this virtual current error and send the virtual
error to replace the real current error to make the controller
response with the same speed and behaviour as the hierarchal
control. ¢, represents the active period of the IPFC process

Iref - Ilie = Iref - IO - (47)

(48)

1 ty
I = AV)dt + Io. 49
Trs) (L + Lie) /o (AV) 0 “9)
The former control output equation can be changed into
(Av)
W= Leg—Ip— ————F— | . 50
Vo = Gp(s) ( ref — 1o (Tn+ La)s (50)

The preservation of stability is assured through the adoption
of a current-based PI control in this virtual closed-loop-based
enhancement because the dynamic performance of the system
when utilizing the virtual loop is approximately the same as the
original system, which is tie-line impedance. Simultaneously,
rapid convergence is facilitated by the capability of this enhance-
ment to adjust the input command value. Through meticulous
design and precise calibration of the virtual current error restora-
tion, itbecomes feasible to achieve both a narrow hysteresis band
and swift convergence simultaneously.

The voltage difference Viyiga — Vmap can be calculated by the
following equation and this computation is facilitated from the
input capture unit of MCU within the hysteresis control module:

AH
Atg
where, in this case, Aty is estimated from the capture unit
counter which effectively measures the interval between the

turning OFF event of switch S4 to turning ON event of switch
S4.

[Vmaa — Vmas| = (L + Lie) (51

C. Design of Controller Parameters Ky, tie, Kiyie

The convergence of MG’s current and voltage can be achieved
after a short time dynamics without considering time delays.
However, when considering time delays, they can impact the
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Fig. 15.  Nyquist diagram of the closed-loop system with K;tie = 1 and Kptie

= 0.03, considering different time delays.

performance of the local controller, leading to tie-line inductance
in combination with dc-dc converter capacitance forming a res-
onant pole. Meanwhile, the control system starts to suffer from
higher oscillations and lower convergence speed. Therefore, to
enhance the stability and robustness of the cooperation control, it
is generally advisable to design Ky, and K; appropriately and
not to interact with any uncontrollable poles in the system. An
LVDC MG cluster with the corresponding parameters has been
considered and analyzed under a practical range of the time delay
as 0-1 ms in this article and set the droop resistance to several
times the original line resistance. In this case, the communication
delay in consensus control loop and the measurement delay in
sensor circuit are not considered to keep the procedure simple.
Assuming the communication delay in the cooperative control
loop is 0. 1 ms, the selected parameters of the PI controller in the
proposed cooperative control loop have been tuned using V,’s
Nyquist diagrams to keep the whole system stable within the
0-1 ms time delay. To be more specific, time delay increases from
0 to 1 ms when the selected control parameters Kji;e and Kpie
are 1 and 0.03, respectively. Considering the aforementioned
changes, the V,’s closed-loop Nyquist diagram is shown in
Fig. 15.

It can be inferred that when K = 1 and K45 = 0.03, the
system is stable within the 0-1 ms time delay, which satisfy the
stability requirement.

V. SIMULATIONS AND EXPERIMENTAL RESULTS

To verify the feasibility of the IPFC method, a simulation
platform and an experimental platform were built, and the cor-
responding parameters for the simulation platform are listed in
Table III. The corresponding parameters for the experimental
platform are listed in Table I'V.

A. Simulation Platform Details

It demonstrates that the measured dc voltage with respect to dc
current agree with the simulation results and theoretical analysis
under different scenarios.

B. Simulation Validations

In order to verify the effectiveness of the proposed cooperative
power flow control strategy, a dc MG cluster has been modeled
and tested in MATLAB/Simulink. The main system parameters
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TABLE IIT
PARAMETERS OF THE SIMULATION PLATFORM
Element Technical Parameter Value
IPFC inductor (Lp) 0.2mH
Tie-line resistance (Ry.) 0.01Q
Tie-line inductance (L) 0.1lmH
Hardware Loads (Rioad1, Ricadz, Ricads) 20Q
parameters
Cable resistance (Rine1 Riine2) 0.01Q,
el Tine 0.020Q,0.02Q
RC filter 10Q, 50uF
Nominal voltage (Viued) 400V
Hysteresis band (AH) 2A
Reference current () 30A-50A
Tie-line controller (Kiie, Kpie) 1,0.03
Control Primary controller (&, ;) 5,10
parameters Communication delay (7) 1ms
Droop gain (Raoop123) 0.01
Voltage disturbance (AV,) 2V-8V
TABLE IV
PARAMETERS OF THE EXPERIMENTAL PLATFORM
Terminals Technical Parameter Value
DC1 DC voltage (Vpci) 120 V
DC load (R)) 15Q
DC voltage (Vpc2) 100 V
b2 DC load (Ry) 150
IPFC Referenpe current (1) 4A-8A
Controller IPFC inductor (Lg) 0.2mH
Hysteresis band (AH) 2A
DC/DC Voltage Rating 200V
Converter Current Rating 20A
Cluster Total filter capacitance on each side 4700uF
Environment Transient test load (R)) 4Q

of the tested cluster and the selected control parameters of
the converters and control parameters of secondary and droop
control of dc MGs in the dc cluster are listed in Table III, re-
spectively. The performance of the proposed cooperative power
flow control strategy is shown in Figs. 16 —19, which shows the
tie-line current applying IPFC and not applying IPFC when faced
with different reference changes and disturbance uncertainties,
respectively. Control Strategy 1 represents the proposed cooper-
ative power flow control. Control Strategy 2 represents Control
Strategy 1 adding the virtual closed-loop control module. The
existing PFC represents the existing power flow control strategy
(a load flow converter to control power flow between the dc
MGs), which can also be considered as a full-voltage compensa-
tion range PFC. The comparison between traditional hierarchical
control and the proposed cooperative power flow control is
proposed in Figs. 16(a), 17, and 19. Meanwhile, the comparison
between existing PFC and the proposed cooperative power flow
control is proposed in Figs. 16(b) and 18. Fractional voltage
compensation range PFC is not considered as a comparison
because this type of PFC face difficulties in accommodating
wide voltage ranges during substantial uncertainties and are
constrained in their capacity to effectively mitigate uncertain-
ties effects. While the proposed IPFC method belongs to the
full-voltage compensation range PFC concept, they have similar
characteristics but different control ranges.

1) Performance of Reference Tracking: This scenario in-
volves two comparisons. The first one is the comparison between
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Fig. 16. (a) Waveforms of the inductor current when the reference value

changes from 30 to 35 A at 1 = 3.0 s, from 35 to 50 A at t = 5.0 s, and from
50 A back to 30 A at r = 7.0 s under control strategy 1, control strategy 2, and
hierarchical control, respectively. (b) Waveforms of the inductor current when
the reference value of current changes from 10 to 30 A at 3.0 s under control
strategy 1, control strategy 2, and existing PFC.

Current(A)

—Control Strategy |
Control Strategy 2
— Hierarchical Control

3 32 34 36 3.8 4 42 4.4
Time(s)

(@

Current(A)
[ R——
| .=
| =
|
|
I
'_ | —
|
|
l
[
|
|

—Control Strategy |
Control Strategy 2
— Hierarchical Control

35 4 45 5 55 6 6.5 7 7.5 8
Time(s)

(b)

Fig. 17. Waveforms of the inductor current when different voltage disturbance
uncertainties happen under control strategy 1, control strategy 2, and hierarchical
control considering tie-line inductor. (a) Disturbance uncertainty in voltage
(400-398 V) happens at t = 3.0 s. (b) Disturbance uncertainty in voltage
(400-392 V) happens at t = 3.0 s.
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Fig. 18.  Waveforms of the inductor current when disturbance uncertainties
in voltage happen at ¢ = 3.0 s under control strategy 1, control strategy 2, and
existing PFC.
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Fig. 19.  Waveforms of the inductor current when different voltage disturbance
uncertainties happen under control strategy 1, control strategy 2, and hierarchical
control without considering the tie-line inductor. (a) Disturbance uncertainty in
voltage (400-398 V) happens at r = 3.0 s. (b) Disturbance uncertainty in voltage
(400-392 V) happens at t = 3.0 s.

traditional hierarchical control and the proposed cooperative
power flow control, as shown in Fig. 16(a). Fig. 16(a) shows
the waveforms of the inductor current when the reference value
changes from 30 to 35 A at r = 3.0 s, from 35 to 50 A at ¢
= 5.0 s, and from 50 back to 30 A at r = 7.0 s. Before the
reference change, the system is working at its nominal state
with the value of the reference current being 30 A; during this
process, the performance of the current under the hierarchical
control, control strategy 1 and control strategy 2, is the same.
The value of the reference current changes from30to 35 Aatr =
3.0s. It can be observed from Fig. 16(a) that when only applying
hierarchical control, the current will undergo a larger and longer
transient process which involves a 0.01 s time delay and finally
convergence to the new reference at t = 3.45 s. However, when
applying Control Strategy 1, the current can be controlled within
the first hysteresis control cycle initially when the reference
current changes at t = 3.0 s and convergences to 35 A at t =
3.02 s without involving a 0.01 s time delay. Furthermore, under
Control Strategy 2, a faster convergence speed can be obtained.
The value of the reference current changes from 35 to 50 A at
t = 5.0 s, which is a relatively bigger change compared with
30-35 A. Therefore, the convergence time is longer and the
current convergences to the new reference at 5.15 s under Control
Strategies 1 and 2. When only applying hierarchical control,
current convergences to 50 A at = 5.5 s. Finally, the value of
the reference current changes from 50 to 35 A att = 7.0 s. The
current will undergo a similar transient process. Since the change
in reference current will not have a big effect on the voltage of
MGs, then the inductor current can be controlled within the
first hysteresis control cycle. Meanwhile, the hysteresis control
and the virtual closed-loop control module will be active only
for a very short time and then the hierarchical control takes over
before the inductor current finally converges to the new reference
value.
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The second one is the comparison between the existing PFC
and the proposed cooperative power flow control, as shown in
Fig. 16(b). The figure shows the waveforms of the inductor
current when the reference value of current changes from 10
to 30 A at 3.0 s. Before the reference change, the system is
working at its nominal state with the reference being 10 A, and
the performance of the current under the Control Strategy 1 and
Control Strategy 2 is the same. However, when applying the
existing full-voltage compensation range PFC, the current will
demonstrate the typical characteristics of pulsewidth modulation
(PWM) control. In this way, the current will experience a process
with the amplitude being 0.7 A and switching frequency being
5 kHz. The reference changes from 10 to 30 A at t = 3.0 s.
It can be observed from Fig. 14 that when applying the full-
voltage compensation range PFC, the current can be controlled
initially and convergences to the new reference 30 A within
5 ms. However, the control process will also show the typical
characteristics of PWM control with a larger amplitude being
0.85 A. Since the control process with PWM characteristics is
continuous, it will cause relatively large switching losses. When
applying the Control Strategy 1, the control process is the dark
blue line shown in Fig. 16(b). When the reference changes at ¢
= 3.0 s, the current can be controlled around the new reference
value within the first hysteresis control cycle. Then the current
can be controlled within the predesigned hysteresis process. This
process will last about 34 ms, after that the hierarchical control
will take over and the IPFC will spontaneously stop working.
Finally, the current will converge to 30 A at r = 3.4 s. IPFC
in Control Strategy 1 can work intermittently without causing
a continuous control process possessing PWM signal charac-
teristics. Compared with the aforementioned two power flow
control strategies, when applying Control Strategy 2, a smaller
hysteresis control process can be obtained. The current can be
controlled around the new reference within the first hysteresis
control cycle and convergence to 30 A at t = 3.03 s, which is a
great improvement in the speed.

2) Performance of Voltage Disturbance Uncertainties: This
scenario involves two comparisons. The first one is the compar-
ison between traditional hierarchical control and the proposed
cooperative power flow control, as shown in Fig. 17(a), and (b).
Fig. 17(a) and (b) shows the waveforms of the inductor current
when disturbance uncertainties in voltage happen. Before the
disturbance uncertainties happen at ¢+ = 3.0 s, the system is
working at its nominal state with the 30 A inductor current.
During this process, the performance of the current under these
three control strategies is the same. When a disturbance uncer-
tainty in voltage (400—398 V) happens at = 3.0 s in MGA,
when only applying hierarchical control, the current drops to
—16 A initially and undergoes a large and long transient process
containing a 0.01 s time delay, before converging to the nominal
value 30 A at 7 = 3.2 s. On the other hand, when applying Control
Strategy 1, the inductor current can be controlled within a 2 A
hysteresis band initially when the disturbance happens at ¢ =
3.0 s without having a time delay, as shown in Fig. 17(a). The
hysteresis control module stops working atr =4.17 s and then the
hierarchical control takes over before the current convergences
to 30 A at t = 4.3 s. Although the current does not undergo
large transient, it will inevitably have a relatively long hysteresis
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process causing extra switching loss. Furthermore, when apply-
ing Control Strategy 2, the virtual closed-loop control module
can be activated initially at ¢+ = 3.0 s. It can be observed in
Fig. 17(a) that the hysteresis control and the virtual closed-loop
control module both stop working at = 3.10 s, and after that,
hierarchical control takes over until the current convergences
to 30 A at r = 3.17 s, which is a relatively small convergence
time compared with Control Strategy 1. Meanwhile, a larger
disturbance uncertainty in voltage (400-392 V) occurs at t =
3.0sin MGA. For only applying hierarchical control, alarger and
longer transient process will happen, potentially causing over-
load protection of the cluster. As shown in Fig. 17(b), the current
drops to —152 A att = 3.0 s and finally convergences to 30 A at
t = 3.4 s, involving a 0.01 s time delay. Meanwhile, for Control
Strategy 1, the hysteresis process is relatively longer as the
hysteresis control stops working at t = 7.94 s potentially causing
extra switching loss and then the hierarchical control will take
over until the current convergences to the reference value at ¢
= 8.0 s, which is a relatively longer process compared with the
former disturbance uncertainty (400-398 V). However, when
applying Control Strategy 2, the virtual closed-loop module can
be activated initially when the hysteresis control is activated at
t = 3.0 s and becomes inactivated when the hysteresis control
is not working at # = 3.125 s, and then the hierarchical control
takes over until the current convergences to the reference value
att = 3.2 s, which is a great improvement. As a short summary,
although Control Strategy 1 prevents overcurrent, it results in a
prolonged hysteresis process. After applying Control Strategy
2, the current not only be controlled within a small hysteresis
band but can also achieve a fast convergence speed.

The second one is the comparison between the existing PFC
and the proposed cooperative power flow control, as shown
in Fig. 18. Fig. 18 shows the waveforms of the inductor cur-
rent when disturbance uncertainties in voltage happen at r =
3.0 s. When a disturbance uncertainty in voltage (400-398 V)
happens at + = 3.0 s in MGA, the current drops to 8.5 A
initially and undergoes a larger and longer transient process
before converging to the nominal value 30 A at r = 3.1 s
applying the full-voltage compensation range PFC. After that,
the current will experience a process with the amplitude being
2.75 A and switching frequency being 5 kHz, which will have a
continuous working process. On the other hand, when applying
Control Strategy 1, the current can be controlled within a 2 A
hysteresis band initially when the disturbance happens at t =
3.0 s. The hysteresis control process stops working at = 3.57 s
and then the hierarchical control module takes over before the
current finally convergences to 30 A at t = 3.65 s. Although
the convergence time for Control Strategy 1 is relatively longer
than the full-voltage compensation range PFC, Control Strategy
1 has the intermittent working process and only works when
the large uncertainties happen. Furthermore, when applying
Control Strategy 2, the virtual closed-loop control module can
also be activated initially at t = 3.0 s. The hysteresis control
and the virtual closed-loop control module both stop working
at t = 3.10 s, and after that, the hierarchical control takes over
until the current convergences to 30 A at r = 3.14 s, which
is a relatively small convergence time compared with Control
Strategy 1.
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Fig. 20.  Waveforms of the inductor current considering a 2 V voltage distur-
bance uncertainty under the proposed cooperative power flow control adding a
noise signal whose variance is 0.15 A and the sample time is 0.001 s.

Fig. 21.  Experimental setup.

Nevertheless, in the majority of LVDC MG clusters, the
tie-line inductors are notably diminutive in comparison to the
proposed IPFC’s inductor. Consequently, the waveforms of
the inductor current exhibit variations when voltage disturbance
uncertainties are present in Fig. 19(a) and (b), differing from
scenarios where the tie-line inductor is accounted for. It becomes
apparent that under conditions where the tie-line inductor is
significantly smaller than the IPFC inductor, the convergence
process of the current does not penetrate the hysteresis band in
the opposite direction.

3) Performance Considering Measurement Noise: In this
scenario, a voltage uncertainty is considered and the waveforms
of the tie-line current are shown in Fig. 20. A noise signal whose
variance is 0.15 A and the sample time is 0.001 s is considered
and is added into hysteresis control module of the proposed
cooperative power flow control. Although the tie-line current
exhibits waveform characteristics affected by noise during the
hysteresis control process, the tie-line current remains within
the preset hysteresis band AH throughout the entire hysteresis
control process. Furthermore, the time required for convergence
is not significantly impacted.

C. Experimental Setup

In order to further verify and test the proposed coordinated
power flow control, an experimental LVDC cluster with two dc
MGs and one tie-line prototype had been set up, as well as our
proposed IPFC controller, for simplification and the discussion
in Section VI. The tie-line inductor is neglected as shown in
Fig. 21 and the equivalent circuit of it is shown in Fig. 22 with
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waveforms of the cluster under only hierarchical control considering reference
changes (a) from 4 to 8 A at 7.1 and (b) from 8 to 4 A at z.2.

the corresponding parameters being listed in Table IV. The com-
ponents DSP (DSPIC33EJ64MC506), CPLD (EPM3064AT144-
10N), and MOSFET (IRFZ48N) are embedded into the carefully
designed IPFC circuit to realize the aforementioned capacities.

D. Experimental Validation

1) Performance of Reference Tracking: When exclusively
employing hierarchical control without the incorporation of
additional active PFCs, the behavior of the converter’s Vijon and
the inductor current during a transient in reference current is
depicted in Fig. 23. Examination of Fig. 23(a) indicates that
when the reference value of the inductor current shifts from
4 to 8 A at time (Z.1), the current initially fails to promptly
adjust to the new reference value, exhibiting significant transient
behavior. A comparable operational pattern is observed at (Z.2)
when transitioning the reference value back from 8 to 4 A, as
illustrated in Fig. 23(b), showcasing notable transient effects on
the inductor current. Nonetheless, the absence of active PFCs
and reliance solely on hierarchical control can lead to unforeseen
transient behaviors within the system.

In contrast, utilizing solely the hysteresis control module,
without integrating hierarchical control, results in the initial
control of the inductor current when transitioning the reference
value from 4 to 8 A at (t.1). However, the hysteresis process
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Fig. 24.  Vyignt (channel 1) and inductor current in tie-line (channel 2) wave-
forms of the cluster under only hysteresis control considering reference changes
(a) from 4 to 8 A att.1 and (b) from 8 to 4 A at t.o.

continues unabated at a consistent switching frequency without
cessation. A similar operational pattern is evident at ({.2) when
reverting the reference value from 8 back to 4 A. As illustrated
in Fig. 24, the inductor current is effectively constrained within
a 2A hysteresis band for both reference values. Nevertheless,
lacking hierarchical control within the proposed PFC prevents
the natural termination of the hysteresis process, potentially
leading to additional switching losses akin to those encountered
with traditional PFCs.

Upon the application of the proposed IPFC method, the
operational characteristics of the converter’s Vigne and the in-
ductor current are depicted in Fig. 25 during a transition in
reference current. Analysis of Fig. 25(a) reveals that when the
reference value of the inductor current shifts from 4 to 8 A
at time (t.1), the controller effectively maintains the inductor
current within the designated hysteresis band initially at (¢.1).
Moreover, employing this IPFC method facilitates the rapid
convergence of the inductor current to the new reference value
within a single hysteresis cycle as the discrepancies between
Vma1 and Vyigo diminish, consistent with the aforementioned
simulation outcomes. Similar operational efficacy is observed
in Fig. 25(b) when the reference value reverts from 8 to 4 A at
(t.2), demonstrating the inductor current’s swift adjustment to
the revised reference within one hysteresis cycle. Consequently,
the operation of the IPFC method is characterized by intermittent
behavior, allowing the hysteresis process to naturally cease.

2) Performance of Adding Virtual Closed-Loop Module Im-
provement and Performance of Different Voltage Uncertainties:
When employing the proposed IPFC method, the performance
metrics of Vijgn, MG2 bus voltage, and inductor current under
a 4 V voltage fluctuation are detailed in Fig. 26(a). Analysis
reveals that with the introduction of the IPFC method, upon the
occurrence of a voltage uncertainty at = 20.0 ms, the controller
promptly activates, ensuring that the inductor current remains
within a predefined hysteresis band of 2 A. The hysteresis
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Fig. 25. Viignt (channel 1) and inductor current in tie-line (channel 2)
waveforms of the cluster under the proposed cooperative power flow control
considering reference changes (a) from 4 to 8 A at .7 and (b) from 8 to 4 A at
le2.
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Fig. 26.  Vijght (channel 1), inductor current in tie-line (channel 2) and
bus voltage (channel 3) waveforms of the cluster considering a 4 V voltage
disturbance uncertainty. (a) Basic principle of proposed IPFC. (b) Adding virtual
closed-loop control module to the proposed IPFC. .

mechanism persists for approximately 72.0 ms, ceasing naturally
as the voltage mismatch between Vyiq1 and Ve diminishes,
thereby transitioning control hierarchically. However, the du-
ration of 72.0 ms represents a notably extended process. To
enhance control efficiency, a virtual closed-loop control mod-
ule is incorporated into the IPFC method. The implementation
of this enhancement is depicted in Fig. 26(b), demonstrating
improved Viiene and inductor current performance during a 4 V
voltage uncertainty. Upon the onset of uncertainty at = 20.0 ms
with the enhanced module, the controller activates promptly,
maintaining the inductor current within the 2 A hysteresis band.
Remarkably, the hysteresis process now lasts only 19.5 ms, a
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Fig. 27.  Vyignt (channel 1), inductor current in tie-line (channel 2), and bus

voltage (channel 3) waveforms of the cluster under the proposed IPFC adding a
virtual closed-loop module considering (a) 10 V voltage disturbance uncertainty
lasting 5.0 ms. (b) 10 V voltage disturbance uncertainty lasting 10.0 ms.

substantial improvement compared to the basic control method’s
72.0 ms. As Vg1 and Vyge disparities lessen, the hysteresis
control’s switching frequency approaches zero by ¢ = 36.0 ms,
effectively transitioning to hierarchical control methods. These
experimental findings corroborate simulation results, affirm-
ing the practicality and efficacy of the proposed enhancement
method.

When employing the enhanced IPFC method, the behavior of
Viight» MG2 bus voltage, and inductor current amidst a 10 V volt-
age uncertainty, characterized by a 5.0 ms onset and a 10.0 ms
duration, is illustrated in Fig. 27(a) and (b). The asymmetrical
power flow induced by varying durations of 10 V voltage uncer-
tainties can potentially be alleviated through the application of
the refined IPFC approach. In the case of voltage uncertainty 1,
Fig. 27(a) demonstrates that the enhanced controller promptly
activates upon the onset of uncertainty, effectively maintaining
the inductor current within a predefined hysteresis band of 2 A.
A comparable performance is observed for voltage uncertainty
2.

3) Performance of Short-Circuit Fault Protection: To sub-
stantiate the efficacy of the proposed IPFC method in safe-
guarding against short-circuit faults, the performance of MG2’s
bus voltage and inductor current is analyzed across three dis-
tinct stages—initial charging (S1), fault occurrence (S2), and
recovery (S3)—as illustrated in Fig. 28(a) and (b). Fig. 28(a)
demonstrates that without utilizing the proposed IPFC method, a
4 Q) short-circuit fault in MG?2 causes the bus voltage to plummet
to 20 V, accompanied by an initial surge in inductor current to
12 A, followed by a transient process before stabilizing at the
reference value of 4 A. In contrast, Fig. 28(b) showcases the
implementation of the enhanced control strategy, ensuring that
the bus voltage is maintained at a secure 60 V. Concurrently,
the inductor current is regulated within a predefined hysteresis
band of 2 A, with upper and lower limits set at 5 A and 3 A,
respectively, averaging around 4 A. Moreover, as the voltage
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Fig. 28.  Vyignt (channel 1), inductor current in tie-line (channel 2), and bus
voltage (channel 3) waveforms of the cluster considering a short-circuit fault of
4 Q. (a) Under only hierarchical control. (b) Under the proposed IPFC adding a
virtual closed-loop module.

mismatch between Va1 and Vyiqo diminishes, the switch-
ing frequency of the hysteresis control approaches zero, as
evidenced by the performance of Vjgp and inductor current,
thereby facilitating the convergence of inductor current toward
the targeted reference of 4 A.

In summary, the integration of an intermittent controller intro-
duces a control mechanism characterized by reduced switching
frequency and intermittent operation. Moreover, by incorporat-
ing a virtual closed-loop control module into the strategy, rapid
convergence can be achieved, resulting in minimized switching
losses. Experimental findings corroborate the simulation results
across scenarios such as reference changes, short-circuit faults,
and voltage uncertainties. Throughout these conditions, the in-
ductor current consistently adheres to the predetermined hystere-
sis band, avoiding severe transient behaviors. Concurrently, the
MG voltage remains stably maintained even amidst short-circuit
faults.

E. Large-Scale DC MG Cluster Experiment

In this section, a larger-scale LVDC MG cluster consisting
of two 100-V nonidentical DC MGs was developed using the
OPAL-RT simulator, which has the same structure as Fig. 1
containing MGA and MGB, and the experimental setup is shown
in Fig. 29. Both MGA and MGB consist of six independent dc
sources and six buck converters and both of them are governed by
hierarchical control, with dynamic consensus-based distributed
secondary control applied to each of them individually. The
corresponding parameters of the cluster system considered here
are based on the parameters used in Table IV. The performance
of the dc MG cluster is shown in Figs. 30 and 31, which show
the inductor current applying IPFC and not applying IPFC when
faced with different uncertainties, respectively.

1) Communication Failure: This scenario involves the com-
parison between the traditional hierarchical control and the
proposed cooperative power flow control strategy when the
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Fig. 29. Experimental setup.
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Fig. 30. Waveforms of the output currents of the MGA are shown in

Ch1&2&3&4&5&6. The tie-line current of the cluster is shown in Ch7. The
output voltage of MGA is shown in Ch8, considering a communication failure
happening in MGB. (a) Without IPFC. (b) With IPFC.
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Fig. 31. Waveforms of the output currents of the MGA are shown in

Ch1&2&3&4&5&6. The tie-line current of the cluster is shown in Ch7. The
output voltage of MGA is shown in Ch8, considering a short-circuit fault
happening in MGB. (a) Without IPFC. (b) With IPFC.

dc cluster is faced with a communication failure. Consider a
communication failure happening in MGB at # = #; s. The output
currents of the MGA are shown in Chl&2&3&4&5&6. The
tie-line current of the cluster is shown in Ch7. The output voltage
of MGA is shown in Ch8. As is shown in Fig. 30, before the
communication failure happens, the cluster system is working
at its nominal state with the MGA and MGB reaching the
consensus, where they both achieve their respective secondary
control objectives: current sharing and voltage recovery. When
a communication failure happens at t = 715 in MGB, under
traditional hierarchical control, the output currents of MGA are
not able to maintain the consensus, and encounter oscillation.
The output currents return to the former consensus and achieve
the current sharing again at r = f5s. Meanwhile, as for the tie-line
current, it also experiences a transient. As has been discussed in
Section II-B, uncertainty such as communication failure may
not cause voltage source uncertainty and the bus voltage of
MGA is not affected and stays at its nominal level. On the
other hand, when applying the proposed cooperative power flow
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control strategy, the output currents of MGA are able to maintain
the consensus and the inductor current on the tie-line can be
controlled within the preset hysteresis band initially when the
communication failure happens at # = #1 5. The hysteresis control
process ends at ¢ = t2s and then the hierarchical control module
takes over before the current finally convergences to the current
reference value. These experimental results are consistent with
those in Section V-C.

2) Big Load Change: This scenario involves the comparison
between the traditional hierarchical control and the proposed co-
operative power flow control strategy when the dc clusteris faced
with a big load change. Consider a big load change happening
in MGB at t = 1 5. The output currents of the MGA are shown in
Ch1&2&3&4&5&6. The tie-line current of the cluster is shown
in Ch7. The output voltage of MGA is shown in Ch8. Asis shown
in Fig. 31, under the traditional hierarchical control, before the
short-circuit fault happen at t = #;s, the system operates in its
nominal state, with MGA and MGB reaching consensus. When a
short-circuit fault occurs at ¢ = #1s in MGB, the output currents
of MGA are not able to maintain the consensus. Meanwhile,
the output currents of the MGA surge to a relatively high level
initially and encounter oscillation with large amplitude. The
inductor current undergoes a similar process. Furthermore, the
output voltage of MGA also witnesses oscillation with large
amplitude. Finally, the consensus can be reached again after the
short-circuit fault has been cleared. On the other hand, when
applying the proposed cooperative power flow control strategy,
the output currents of MGA are able to maintain the consensus
and the inductor current can be controlled within the preset
hysteresis band initially when the short-circuit fault happens
at t = ;5. The hysteresis control process ends at t = #2s and
then the hierarchical control module in the cooperative power
flow control takes over before the inductor current finally con-
vergences to the current reference value. Furthermore, the bus
voltage of MGA cannot be affected and can stay at its nominal
level. These experimental results are also consistent with those in
Section V-C.

As a summary, the efficacy of power flow control within
a larger-scale LVDC MG cluster faced with different uncer-
tainties can be significantly enhanced through the application
of the proposed cooperative power flow control strategy. By
measuring the waveforms of the output currents and voltages
of the individual converters within the respective dc MG, as
well as the inductor current on the tie-line when faced with
communication failures and big load change, new experimental
results have been added and the effectiveness of the proposed
cooperative power flow control can also be verified. The experi-
mental results are consistent with those obtained from the simple
LVDC MG cluster discussed above. This further validates the
effectiveness of the proposed cooperative power flow control
strategy.

VI. CONCLUSION

For the application of a dc cluster with multiple distributed
LVDC MGs, a cooperative power flow control framework to
improve the system efficiency and reliability has been proposed
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in this article. Furthermore, a virtual closed-loop control strategy
has been added to the basic principle of the proposed control
which could improve the response speed and control perfor-
mance. The main findings of this article can be highlighted as
follows.

1)

2)

3)

4)

It
tives

Hierarchical control alone is not enough for appropriate
and flexible power flow control in the LVDC MG cluster
during different uncertainties. Meanwhile, continuous op-
eration and constant switching frequency caused by active
PFCs could cause extra switching loss and these devices
always have a large size and high cost.
A cooperative power flow control strategy is introduced
to enhance the transient performance of the LVDC MG
cluster. This strategy pioneers a novel approach by intro-
ducing the concept of IPFC. It includes a configuration
of an intermittent PFC that integrates hysteresis control
in conjunction with hierarchical control. This innovative
configuration opens up a new paradigm for power flow
control within LVDC MG clusters.
In light of the foundational operation principles of the
proposed control strategy, this article also introduces an
enhanced strategy aimed at augmenting the control per-
formance. This refined approach achieves significantly
accelerated convergence speeds, resulting in a reduction
of convergence time by approximately two-thirds.
With the proposed method, flexible power flow control
with an intermittent working period in the LVDC MG
cluster can be realized when faced with reference tracking
or disturbance uncertainties.

is important to emphasize that the aforementioned objec-
have been achieved through a cohesive coordinated control

strategy that operates without the need for switching between
control schemes. The efficacy of this proposed approach was
validated through comprehensive means, including theoretical
analysis, simulation, and experimental testing.
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