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Abstract—Offshore microgrids, due to their remote location
and lack of external energy support, face significant challenges in
wide-range load operation and maintenance. Consequently, effi-
ciency and reliability are critical concerns for converters in offshore
dc microgrids. This article presents an optimal control strategy
aimed at enhancing both efficiency and reliability. A normalized
nonlinear relationship between power loss and thermal stress of
a paralleled converter is first established. Based on this, a dual-
objective optimization function with an active weight function as
well as a system overall performance index is established. The active
weight function dynamically adjusts the control priority based on
converter efficiency and switching device thermal stress. Then, the
optimal power-sharing strategy is derived by the Lagrange mul-
tiplier method with the proposed optimal function. Additionally,
to accommodate a wide load range, an optimal selection strategy
for operating converter combinations is proposed, requiring only
low-bandwidth communication. Experiment verification is given
to validate the effectiveness of the proposed control strategy. The
experiment results demonstrate that the proposed control strategy
can improve the overall performance of offshore microgrids by
optimizing efficiency and reliability.

Index Terms—Efficiency, offshore dc microgrids, optimal
operation, paralleled converters, thermal stress.

I. INTRODUCTION

THE exploitation of offshore renewable energies, such as
offshore wind energy, Photovoltaic (PV), wave energy, and

tidal energy, etc. [1], [2], is an important trend throughout the
world. Offshore dc microgrid is a promising solution to utilize
offshore renewable energies in an efficient and cost-effective
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way because it can realize energy production and consumption
within offshore environments [3], [4], [5], [6]. A typical dc
microgrid consists of multiple paralleled distributed generators
(DGs) by dc–dc converter to dc bus [7], [8], [9].

In practical operation, different DG converters may have
different operating characteristics, including design margin,
aging levels, and lifetime. [10], [11]. This inevitably leads to
differences in efficiency among converters operating under the
same load condition [10]. In addition, during long-term opera-
tion, converters with different aging levels can increase converter
fault risk, which further impacts system reliability [12], [13].
Meanwhile, the maintenance of offshore dc microgrids is usually
time-consuming and expensive. As a result, the efficiency and
reliability of offshore microgrids with multiple paralleled dc
converters emerge as two key indices of concern.

Due to the fluctuation of renewable energies, the paralleled
converters in offshore dc microgrids are operated under a wide
load range, which may reduce system efficiency under light
load conditions [14], [15]. Bartal and Nagy [16] employed
Game theory to improve paralleled converter-dominated power
system efficiency in a wide load range, including both heavy
load and light load conditions. In [17], a data-driven control
with model-free adaptive control and dual-droop control is pro-
posed to improve converter efficiency in microgrids in light load
conditions. A hierarchical control framework with a finite state
machine as a secondary control to improve the efficiency of
a paralleled converter is proposed in [14] and [18]. However,
the efficiency characteristics of different converters have been
given limited consideration in the studies. To address it, sev-
eral research efforts have been performed to improve system
efficiency by considering different efficiency characteristics of
paralleled converters. A quadratic loss model is used to rep-
resent converter power loss and efficiency characteristics in
[19]. A power-sharing strategy with virtual impedance-based
droop control is developed in [20] and [21], which effectively
optimizes power-sharing between microgrids to improve system
performance. To adjust power-sharing in a high-efficiency way,
efficiency-prioritized droop control for the paralleled converters
is developed in [22]. However, the efficiency-prioritized control
may lead to unbalanced thermal stress on converters and further
influence converter reliability.
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In addition to efficiency, reliability is another crucial metric
for dc microgrids, particularly in practical implementations de-
ployed in remote areas to support critical loads. Offshore dc
microgrids are typically located in remote areas and with long
maintenance cycles, which makes timely repairs of equipment
failures challenging. Therefore, it is necessary to improve the
reliability of converters in an offshore dc microgrid. Currently,
research on the operation of converters considering reliability
has gained significant attention, particularly in applications such
as smart transformers and wind power. [23], [24]. For example,
to reduce the high maintenance cost for smart transformers, a
lifetime-based power-sharing strategy with reliability improve-
ment is proposed in [13]. Buticchi et al. [25] applied a similar
control strategy on a quadruple active bridge dc–dc converter,
whereas Marquez et al. [26] adapted an accumulated damage-
based control in a dc–dc boost converter. Note that research
in [23], [24], [25], and [26] consider accumulated damage as
a control parameter. Previous efforts have intended to improve
converter reliability with the quantification of converter accumu-
lated damage. The accumulated damage can also be addressed as
the remaining useful lifetime. Power sharing for modular power
converters in electric aircraft based on remaining useful lifetime
is proposed in [27]. However, the accumulated damage value
is calculated by accumulating the working conditions of the
converter throughout its entire life cycle, where the errors of
the calculated accumulated damage value are inevitable. The
introduction of accumulated damage, which is an imprecise
parameter, into the control loop may decrease system reliability.

The junction temperature of switching devices is a critical fac-
tor affecting reliability [28], [29]. The switching device number
to the failure times lifetime model is discussed comprehensively
in [30]. Each type of lifetime model in [30] illustrates the impact
of junction temperature on switching device failure. In that
case, balancing thermal stress among switching devices can
effectively enhance system reliability [31], [32]. In [33] and [34],
active thermal management by junction temperature balance
control for paralleled converters is developed to enhance system
reliability. However, the above-mentioned thermal analysis and
lifetime evaluation slightly consider the effects of converter
control loops. In [35], the junction temperature is adopted as a
variable in control loops. However, it mainly considers thermal
stress under extreme conditions. The improvement in converter
efficiency enhances its reliability and extends its operational
lifespan. However, the optimal operation points of efficiency
and reliability improvement are not identical. The research
work performed in [36] suggests that reduced thermal stress
may increase extra power loss, and the efficiency improvement
comes at the cost of reduced system reliability. Thus, the optimal
operation of offshore dc microgrid converters considering both
efficiency and reliability needs to be explored further.

In our previous work, a hierarchical control framework was
proposed to improve the efficiency and reduce operational costs
of offshore dc microgrids [14]. Nevertheless, system reliability
was not addressed in that work. This issue is particularly critical
for offshore dc microgrids, where both efficiency and reliability
demand careful consideration. Therefore, this article presents
an optimal operation strategy to enhance both efficiency and

reliability of paralleled converters in offshore microgrids. The
main contributions of this work are clarified as follows:

1) With consideration of both efficiency and reliability re-
quirements of the converter, a dual-objective optimal
model and overall system performance index are estab-
lished.

2) An active dual-objective optimal weight function that can
prioritize the efficiency in light load and prioritize the
thermal stress in heavy load is established. Based on
that, the optimal power-sharing strategy considering both
efficiency and reliability in a wide load range is developed.

3) A decentralized optimal selection strategy is proposed for
operating converter combinations under a wide load range,
which is optimized based on the established system’s
overall performance index.

The rest of this article is organized as follows. In Section II, a
normalized nonlinear model of efficiency and switching device
thermal stress is established to estimate system operation perfor-
mance. In Section III, an optimal power-sharing strategy among
paralleled converters with a Lagrange mutiobjective optimiza-
tion function is proposed. Furthermore, the optimal selection
strategy for operating converter combinations is proposed to
improve system performance in a wide load range. The effec-
tiveness of the proposed control strategy with different cases is
validated through experiments in Sections IV and V. Finally,
Section VI concludes this article.

II. SYSTEM MODELING

This work takes an offshore dc microgrid as the application
with renewable energy sources, including wind power, wave
energy, solar power, and loads like electrolyzers.

A. Efficiency Modeling

The efficiency of n-paralleled converters can be represented
by the modeling of the converter’s total loss. The converter power
loss Ploss_con_i can be represented as

Ploss_i = aii
2
oi + biioi + ci (1)

where ioiis the output current of the ith converter. ai, bi, and
ciare the power loss coefficients, which can be obtained by
fitting efficiency–output power curves [15], [19]. The efficiency–
output current curve can be obtained by fitting the test results
of the converter power loss across various load conditions. The
total power loss from DGs includes converter power and cable
network power loss. The total power loss of the ith DG Ploss_i

can be represented as

Ploss_i = (ai +Rline_i) i
2
oi + biioi + ci (2)

whereRline_i is the corresponding cable resistance of the ith DG.
Voi is the output voltage of the ith converter.

The system’s total loss Ploss_sys can be represented as

Ploss_sys =
N∑
i=1

Ploss_i. (3)
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B. Switching Device Power Loss Modeling

The switching device’s power loss can be represented as

Ploss_SD = Ploss_SD_cond + Ploss_SD_switch (4)

where Ploss_SD is the total power loss on the switching de-
vice, Ploss_SD_cond is the conduct loss on the switching device,
andPloss_SD_switch is the switching loss on the switching device.

The conduction loss of the switching device can be repre-
sented as

Ploss_SD_cond = VCEsat ·D · iC (5)

where VCEsat is collector-emitter saturation voltage, D is duty
cycle, and iC is collector current.

In the operation of switching devices, the value of the
collector–emitter saturation voltage changes in response to
variations in the collector current. Accordingly, the value of
collector–emitter saturation voltage, considering the switch de-
vice current load, can be represented as

VCEsat = VCEsat_0 + ψ · iC (6)

where VCEsat_0 is the initial value of the collector–emitter sat-
uration voltage. The coefficient ψ can be obtained from the
datasheet [38], [39], [40], [41].

The switching loss can be represented as

Ploss_SD_switch = fswitch · Eswitch

Eswitch =
1

2
VSW ·D · iC (tON + tOFF) (7)

where fswitch is switching frequency, Eswitch is switching energy
loss,VSW is the voltage across the switch when it is in the process
of turning ON or OFF, tON is the time duration for the switch
turning ON, and tON is the time duration for the switch turning
OFF.

Taking the boost converter in continuous current mode as an
example, the relationship between the converter’s output current
and the switch device’s collector current is given as

io =
D

(1−D)
iC . (8)

Combining (4), (5), (6), and (8), the power loss of the switch-
ing device can be represented as

Ploss_SD = ψ
(1−D)2

D
io

2

+

[
VCEsat_0+

1

2
fswitchVSW (tON + tOFF)

]
(1−D) io.

(9)

C. Electrical Thermal Modeling

The junction temperature of the switching device can be
estimated by an electrical thermal model without direct mea-
surements, which is easy to adopt in practical operation. The
equivalent thermal model shown in Fig. 1 is applied to estimate
junction temperature with power loss on the switching device.

Fig. 1. Diagram of offshore microgrid system and the equivalent thermal
model of the switching device.

The junction temperature of the switching device can be
expressed as

Tj = (Rth_jc +Rth_ch +Rth_ha) · Ploss_SD + Ta (10)

where Tj and Ta are the temperature of the junction and ambient.
The thermal resistances in the equivalent thermal model are pro-
vided by the datasheet. Rth_jc is the thermal resistance between
junction and case. Rth_ch is the thermal resistance between case
and heatsink. Rth_ha is the thermal resistance between the case
and the ambient temperature.

D. Converter Reliability Modeling

The Coffin–Manson model represents the relationship be-
tween switching device junction temperature and lifetime [30]
given as

Nf = 302500

[
1

ΔTj
5.039 exp

(
9.891× 10−20

kBTj_mean

)]
(11)

whereNf is the number of cycles of failure. kB is the Boltzmann
constant. ΔTj expresses thermal cycling. Tj_mean expresses ther-
mal stress on the switching device.

Bayerer’s lifetime model is known as the most comprehensive
analytical lifetime model [30], given as

Nf =KΔTj
β1 exp

(
β2

Tj_mean + 273K

)
· tON

β3 · iβ4 · V β5 ·Dβ6

(12)
where K and β1 to β6 are constants extracted from the switching
device reliability test.

Both Coffin–Manson and Bayerer lifetime models reveal
the relationship between the junction temperature of switching
devices and their reliability. The switching device operating
under high thermal stress exhibits a reduced number of failure
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cycles. Therefore, mitigating extreme thermal stress on switch-
ing devices within the system can significantly improve overall
reliability.

Different thermal stresses on the switching device led to
different aging levels, which can be represented by accumulated
damage under different operating conditions. The converter’s
accumulated damage can be expressed as

AD =

n∑
LP_i=1

NLP_i

Nf (LP_i)
(13)

where LP_i is the different load profile and NLP_i is the switch
device operation numbers under the ith load profile.

E. Proposed Optimization Model

For the converter with multiple switching devices or convert-
ers connected in series within the same branch, the switching
device handling the highest thermal stress can be considered as
an indicator of the converter to indicate the overall thermal stress
condition. The representative thermal stress of the ith converter
with n switching devices can be expressed as

Rth_i · Ploss_SD_i = max

⎛
⎝Rth_i_1 · Ploss_SD_i_1,
Rth_i_2 · Ploss_SD_i_2 . . .
Rth_i_n · Ploss_SD_i_n

⎞
⎠ . (14)

The efficiency of paralleled converters is optimal when the
power loss of the converter is minimized. Meanwhile, the switch-
ing device junction temperature is related to the power loss
in the switching device. To achieve efficient operation while
accounting for thermal stress, a multiobjective optimization
function is proposed consisting of the following steps. First,
normalize the nonlinear relationship of Ploss_i, Ploss_SD_i, and
ioi, respectively. Then, combining the normalized Ploss_i and
Ploss_PD_i with weight coefficientsAi andBi. The mutiobjective
optimization function is established as

Si = Ai
Ploss_i

Ploss_rated
+Bi

Rth_i · Ploss_SD_i

Rth_rated · Ploss_SD_rated
(15)

where⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

Ploss_rated =
n∑
i=1

Ploss_i_rated =
n∑
i=1

Ploss_i|ioi_rated

Ploss_SD_rated =
n∑
i=1

Ploss_SD_i_rated =
n∑
i=1

Ploss_SD_i|ioi_rated

Rth_i = Rth_jc_i +Rth_ch_i +Rth_ha_i, Rth_rated =
n∑
i=1

Rth_i

0 ≤ Ai ≤ 1, 0 ≤ Bi ≤ 1, Ai +Bi = 1

.

By combining (2) and (13), it can be derived as

Si = a∗i i
2
oi + b∗i ioi + c∗i (16)⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

a∗i =
Aiai+AiRline_i

Ploss_rated
+

Bi·Rth_i·ψ (1−D)2

D

Rth_rated·Ploss_SD_rated

b∗i =
Aibi
Ploss_rated

+
Bi·Rth_i[VCEsat_0+

1
2 fswitchVSW(tON+tOFF)](1−D)

Rth_rated·Ploss_SD_rated

c∗i =
Aici
Ploss_rated

where Ai is the weight coefficient for power loss and Bi is the
weight coefficient for power loss in switching devices, which

Fig. 2. Proposed optimal control strategy framework.

indicates junction temperature and reliability. Ploss_rated and
Ploss_SD_rated are the power loss of the converter and switching
device in rated load conditions.

The weight coefficients for efficiency and junction tempera-
ture should be adaptively adjusted based on the junction temper-
ature of the switching device. When the switching device junc-
tion temperature is below 60 °C, the switching device handles
low thermal stress. In this scenario, the weighting coefficients are
set toAi = 1 andBi = 0, enabling the system to achieve higher
efficiency. When the junction temperature is between 60 °C
and 90 °C, the multiobjective weight coefficients are adaptively
modified to optimize both converter efficiency and component
thermal stress. For junction temperature exceeding 90 °C, the
weight coefficients are set to Ai = 0 and Bi = 1, effectively
managing thermal stress distribution among parallel converters,
to enhance system reliability.

By using the sigmoid function, the proposed thermal stress
weight coefficient Bi can be expressed as

Bi =

⎧⎨
⎩
0 (Tj ≤ 30)
1/
(
1 + e−0.08(Tj−60)

)
(30 < Tj ≤ 90)

1 (Tj < 90)
. (17)

The converter efficiency weight coefficient Ai can be ex-
pressed as

Ai = 1−Bi. (18)

III. PROPOSED OPTIMAL CONTROL STRATEGY

Fig. 2 shows the diagram of the proposed optimal control
strategy, which includes two parts. Part 1 is optimal power
sharing between paralleled converters considering efficiency and
reliability. Part 2 is the optimal selection strategy for operating
converter combinations, which contributes to system efficiency
and reliability in a wide load range.

The dual-objective optimal power-sharing strategy is intro-
duced to determine the optimal power-sharing ratio among
paralleled converters adaptively according to the features of
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individual converter efficiency, converter corresponding cable
resistance, and converter electrical-thermal characteristics. The
proposed strategy can improve system efficiency and reliability.
The optimal selection strategy for operating converter combina-
tions is used to deal with the wide load range. The control system
will enable the most suitable converter to switch ON/OFF ac-
cording to the system load conditions, converter thermal stress,
and accumulated damage. The proposed strategy can improve
system efficiency and avoid switching device operation under
high thermal stress. The details of the proposed optimal control
strategy are given in the following sections.

A. Optimal Power-Sharing: Efficiency Improvement and
Switching Device Thermal Stress-Sharing

To optimize the power-sharing ratio of paralleled converters,
the Lagrange function is established with the Lagrange multi-
plier as

L =

n∑
i=1

Si + λ

(
iLoad −

n∑
i=1

ioi

)
(19)

s.t.
n∑
i=1

ioi = iLoad.

The necessary condition of the Lagrange function is{
∂S1

∂io1
=
∂S2

∂io2
= · · · = ∂Sn

∂ion
. (20)

According to the Lagrange optimization result, the optimal
power-sharing ratio of paralleled converters with high efficiency
and reliability is given as

2a∗i ioi + b∗i = 2a∗jioj + b∗j = . . . = 2a∗nion + b∗n. (21)

Take the Lagrange optimization results as the target for
power-sharing ratios among paralleled converters. The droop
control-based optimal power-sharing considering efficiency and
reliability for an n-paralleled converter is

V ∗
i = Vi_ref − 2a∗i ioi − b∗i . (22)

To deal with the influence of the converter corresponding
cable resistance, the power-sharing control considering the cable
resistance is established as

V ∗
i = Vi_ref + (Rlinei − 2a∗i ) ioi − b∗i . (23)

The droop control and cable resistance will decrease the
bus voltage. In an islanded power system, the converter should
maintain the bus voltage. The proposed grid-forming optimal
power-sharing control is given as

V ∗
i = Vi_ref + (Rlinei − 2a∗i ) ioi − b∗i +ΔV

ΔV =
1

n− 1

n∑
j=1
j �=i

(
Rlinej − 2a∗j

)
ioj − b∗j . (24)

Fig. 3. Optimal control priority under different load conditions.

B. Active Operate Converter Combination Selection
According to Load Condition and Thermal Stress

The offshore dc microgrid converters operate within a wide
load range. The efficiency of the converter changes with vari-
ations in load conditions. The number of paralleled converters
will affect the efficiency. The paralleled converter efficiency can
be decreased significantly when the converter load is lower than
30% . Meanwhile, the converter’s thermal stress will be higher
with heavy loads. In that case, the proposed optimal selection
strategy for operating converter combinations is introduced to
keep each converter operation in a desired range as shown in
Fig. 3.

When the load decreases, the converter that needs to be
switched OFF can be selected by considering the following three
aspects.

1) Improve system efficiency.
2) Avoid high accumulated damage on certain converters.
3) Choose the one that can improve system efficiency as well

as thermal performance after it is switched OFF with the
help of the system’s overall performance index S.

Defining LP = 1 to indicate the converter under the light load
condition as shown in (21).

[Poi ≤ 30%Poi_rated] → [LP = 1] . (25)

If a converter operates within a low-efficiency range, it can
be switched OFF.

If more than one converter encounters a light load condition,
the system will select the converter with the highest accumulated
damage. This approach is intended to prevent decreased relia-
bility in specific converters. Assuming there are w converters
operating under light load conditions.

[ADCδ = ADmax

= max (ADC1,ADC2 · · ·ADCw)] → [Cδ = 1] .
(26)

If more than one selected converter has relatively the same
accumulated damage level, the proposed strategy will find the
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Fig. 4. Switch-OFF converter selected scheme of the proposed optimal selec-
tion strategy for operating converter combinations.

converter that after switching it OFF, the system can have the
highest efficiency. Assuming x converters have the same rela-
tively low accumulated damage level, the switch-OFF converter
can be determined with

[Sξ = Smax = max (S1, S2 . . . Sx)] → [Cξ = 1] (27)

where S1, S2 . . . Sx can be calculated with (15).
Cξ is the selected switch-OFF converter. The switch-ON con-

verter selected progress is shown in Fig. 4.
Once IGBTs are operated with extreme thermal stress, some

converters should be switched ON to share the electrothermal
stress. The switch-ON converter can be selected by considering
the following aspects.

1) Reduce the switch time of the converter.
2) Choose the one that has the lowest accumulated damage

to share the thermal stress.
3) Choose the one that can improve system efficiency as well

as reliability after switching it ON with the help of the
system’s overall performance index S.

Defining HT = 1 to indicate the converter under the high
thermal stress as shown in (25).

[Tj_i ≥ 90◦C] → [HT = 1] . (28)

To reduce the number of switch times, the switch-ON converter
should be able to share the thermal stress, so as to bring the
high-thermal stress converter into the desired operation range.
It is assumed that among the n paralleled converters, m are
currently active. The current of the converter after switching

into the system can be calculated by

ioi =

(
iload

m+ 1
+ b∗i

)/
(Rlinei − 2a∗i ). (29)

The switch-ON converter should operate in the desired thermal
stress range after it is switched ON. In that case, the switch-in
converter should meet the following condition:[

ai

(
iload
m+1+b

∗
i

Rlinei−2a∗i

)2

+ bi

(
iload
m+1+b

∗
i

Rlinei−2a∗i

)
+ ci ≤ Tj_max−Ta

Rth_i

]
.

→ [Ci = 1]
(30)

If more than one converter meets the above condition, the
switch-ON converter should be further selected according to
the accumulated damage level of each converter. Assuming y
converters meet the thermal need, the switch-ON converter can
be further selected with

[ADCβ = ADmin = min (ADC1,ADC2 · · ·ADCy)] .
→ [Cβ = 1]

(31)

If more than one converter has the same accumulated damage
level, the switch-ON converter is further selected according to the
results of the dual-objective optimization function. Assuming
that z converters have the same relatively low accumulated
damage level, the switch-ON converter can be further selected
by

Si = a∗i

(
iLoad
m+1 + b∗i
Rlinei − 2a∗i

)2

+ b∗i

(
iLoad
m+1 + b∗i
Rlinei − 2a∗i

)
+ c∗i (32)

[Sγ = Smin = min (S1, S2 . . . Sz)] → [Cγ = 1] (33)

where Cγ is the selected switch-ON converter. The switch-ON

converter selected progress is shown in Fig. 5.
The proposed optimal selection strategy for operating con-

verter combinations can change the status of the converter
adaptively according to the system load condition and converter
thermal condition. The optimal selection strategy for operating
converter combinations will switch OFF the converter when
the paralleled converter system is operated under light load
conditions. By avoiding operation under light load conditions,
the system efficiency can be increased. Meanwhile, the proposed
control strategy can switch ON the converter once the temper-
ature of the switching devices in other converters is high. By
avoiding operation under high junction temperatures, the relia-
bility of the paralleled converter system will be increased and
the failure rate of the converter can be decreased. The system’s
efficiency and reliability can be improved simultaneously.

The proposed strategy requires communication of four
floating-point variables ADmin, ADmax, Smin, and Smax, one
int variable m and two Boolean variables LP and HT. With a
communication frequency of 10 Hz, the required bandwidth is
1.62 kb/s. Long range is a wireless communication device that
can work with low power, long distance, and low-bandwidth
transmission [41]. It can transfer over distances of up to 15 km
and offers a data rate of up to 50 kb/s, which satisfies the
bandwidth and distance requirements of the proposed strategy.
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Fig. 5. Switch-ON converter selected scheme of the proposed optimal opera-
tion converter combination select strategy.

Fig. 6. Experiment platform with four paralleled converters. (1) Converter 1.
(2) Converter 2. (3) Converter 3. (4) Converter 4. (5) Power source for converters
1 and 2. (6) Power source for converter 4. (7) Power source for converter 4. (8)
Controller. (9) Auxiliary power supply. (10) Oscilloscope. (11) Constant power
load.

IV. EXPERIMENT VERIFICATION

To verify the effectiveness of the proposed control strategy,
an experimental prototype comprising four parallel branches
connected to a constant power load is constructed, as shown in
Fig. 6. The detailed information of the experimental prototype
and key parameters are provided in Table I. The precise case
temperature of the switching devices is measured using a thermal
imager, enabling the subsequent calculation of the junction
temperature based on (10).

TABLE I
SYSTEM PARAMETERS

A. Proposed Power-Sharing Strategy Verification

Case 1: The proposed dual-objective optimal power-sharing
control strategy compared with efficiency-prioritized control
[22] and thermal sharing-prioritized control [33] under 60%
rated load

The efficiency-prioritized control presented in [22] is first
applied to the paralleled converters, after which the proposed
control strategy is activated at the 10th second. Similarly, the
thermal stress sharing-prioritized control proposed in [30] is
first implemented for the paralleled converters, and the proposed
optimal control strategy is subsequently enabled at the 10th
second.

The experimental results are shown in Fig. 7. Specifically, Part
1 of Fig. 7 shows the power-sharing results and switching device
thermal performance under the efficiency-prioritized control
proposed in [22]. Part 2 presents the power-sharing results,
switching device thermal performance, and weight coefficients
under the proposed control strategy. Part 3 shows the power-
sharing results and switching device thermal performance under
thermal stress sharing-prioritized control proposed in [33]. Fi-
nally, Part 4 of Fig. 7 provides the results of the system’s overall
performance index considering efficiency and reliability under
different control strategies.

A comparison between Part 1 and Part 2 of Fig. 7 reveals
that the proposed control strategy achieves a lower thermal
stress imbalance among the paralleled converters compared to
the efficiency-prioritized control method in [22]. Specifically,
the junction temperature difference is reduced from 20.6 °C to
7 °C, thereby mitigating excessive thermal stress on individual
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Fig. 7. Experiment results of power-sharing under efficiency-prioritized con-
trol [22], thermal stress sharing-prioritized control [33], and proposed dual
objective optimal control strategy.

converters, which means under the proposed control, the branch
with superior thermal performance undertakes more power.
Furthermore, a comparison among Part 1, Part 2, and Part 3
of Fig. 7 demonstrates that the paralleled converter under the
proposed control strategy has a minimum system overall per-
formance index “S,” indicating that the system achieves optimal
performance in terms of both efficiency and reliability under the
proposed control strategy.

Fig. 8. Experiment results of power-sharing under efficiency-prioritized con-
trol [22] and proposed optimal control strategy.

Case 2: The proposed optimal power-sharing strategy compared
with efficiency-prioritized control [22] under 80% rated load

In this case, the efficiency-prioritized control [22] is initially
applied to the paralleled converters, and the proposed power-
sharing control strategy is being activated at the 10th second. Due
to the high thermal stress on each switching device, the weight
coefficient of thermal stress Bi is set to 1. Consequently, the
optimization objective of the proposed power-sharing strategy
is to shift from a dual-objective approach to only thermal stress
sharing.

The experimental results are shown in Fig. 8. Specifically,
Part 1 of Fig. 8 shows the power-sharing results and switching
device thermal performance under efficiency-prioritized con-
trol [22]. Part 2 presents the power-sharing results, switching
device thermal performance, and weight coefficients under the
proposed control strategy. Part 3 provides the system’s overall
performance index considering efficiency and reliability under
different control strategies.
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TABLE II
EXPERIMENT RESULTS UNDER 60% RATED LOAD AND 80% RATED LOAD

WITH DIFFERENT CONTROL STRATEGIES

As observed in Fig. 8, the paralleled converter operating
under the proposed control strategy exhibits lower thermal stress
imbalance. The temperature difference b among the switching
devices within the paralleled converters is reduced from 25.5 °C
to 2.9 °C. Additionally, the system’s overall performance index
“S” decreases from 0.7092 to 0.6658. These results indicate
that the paralleled converter system achieves improved overall
performance when employing the proposed power-sharing strat-
egy.

The experiment results of power-sharing, thermal perfor-
mance, and system performance index under 60% and 80% rated
load with different control strategies are shown in Table II.

Case3: Bus voltage restoration capability verification

To evaluate the effectiveness of the proposed power-sharing
strategy and its capability to restore bus voltage under sudden
load variations, the load is switched from 3 to 1.5 kW at the
10th second. The corresponding power-sharing and bus voltage
performance are shown in Fig. 9. As observed in Fig. 9, the pro-
posed power-sharing strategy is activated effectively, ensuring
proper system functionality and regulating the bus voltage to the
desired value under sudden load reduction conditions.

B. Verification of the Proposed Optimal Selection Strategy for
Operating Converter Combinations

Case 4: Proposed switched-OFF converter selection compared
with switch-OFF strategy [18]: Load decrease from 1.5 kW to
1.2 kW to 0.6 kW

To validate the effectiveness of the proposed optimal selec-
tion strategy for operating converter combinations, the load is
reduced from 1.5 to 1.2 kW and subsequently to 0.6 kW, repre-
senting system operation under light load conditions. To ensure a
clear differentiation of the experimental results, it is assumed that
all four paralleled converters have the same accumulated damage

Fig. 9. Experiment results of the proposed dual-objective optimal control
strategy and bus voltage under sudden load decrease.

level in Case 4 and Case 5. The converter switches-OFF selection
results under load decrease conditions, comparing the proposed
strategy with the strategy presented in [18], are illustrated in
Fig. 10.

It can be seen from Fig. 10 that with the load decreases,
the system has different operating converter combinations. Un-
der each load condition, different selected operating converter
combination results in a distinct overall performance index, as
shown in Fig. 11

Compared with the switch-OFF strategy proposed in [18],
the paralleled converter system under the proposed strategy
achieves a lower overall performance index value. It indicates
the improved system performance, considering both efficiency
and reliability.

Case 5: Proposed switched-ON converter selection compared
with switch-ON strategy [18] : Load increase from 0.3 kW to
1.2 kW to 2.4 kW

To validate the effectiveness of the proposed optimal selection
strategy for operating converter combinations, the load increased
from 0.3 to 1.2 kW and subsequently to 2.4 kW. The converter
switches-ON selection results under the proposed strategy and
the strategy presented in [18] are shown in Fig. 12. The corre-
sponding system overall performance index “S” are shown in
Fig. 13.

As observed in Fig. 13, the paralleled converter system op-
erating under the proposed strategy achieves a lower overall
performance index compared to the strategy proposed in [18]. It
indicates that the proposed strategy enables paralleled converters
to achieve superior overall system performance.

The improved performance and differing selection results
observed under Case 4 (load decrease) and Case 5 (load increase)
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Fig. 10. Paralleled converters’ operation status under the proposed optimal
selection strategy for operating converter combinations and the selection strategy
proposed in [18].

Fig. 11. System overall performance index “S” under the proposed optimal
selection strategy for operating converter combinations and the selection strategy
proposed in [18].

Fig. 12. Paralleled converters’ operation status under the proposed optimal
selection strategy for operating converter combinations and the selection strategy
proposed in [18].

Fig. 13. System overall performance index “S” under the proposed optimal
selection strategy for operating converter combinations and the selection strategy
proposed in [18].
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can be attributed to the fact that the proposed strategy considers
not only efficiency but also the thermal stress of the switching
devices in the selection progress, leading to a more balanced and
optimized system operation.

V. CONCLUSION

This article presents an optimal operation strategy to
improve efficiency and reliability for paralleled converters
in offshore dc microgrids. By integrating a dual-objective
optimization model and an active weight coefficient-based
adaptive power-sharing mechanism, the proposed method can
dynamically balance power distribution and thermal stress
among paralleled converters. Furthermore, a decentralized
dispatch scheme for the optimal selection strategy of operating
converter combinations is introduced to improve performance
within a wide load range. Experimental results validate
the effectiveness of the proposed approach, demonstrating
significant reductions in thermal stress imbalance among
switching devices in paralleled converters and improvements
in overall system efficiency. The proposed strategy effectively
optimizes the overall performance considering efficiency and
reliability, which provides a practical and scalable solution for
enhancing the system performance of the offshore microgrid.
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