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Abstract: The conversion from constant current (CC) to constant voltage (CV) is one of the key technologies of CC underwater
observatory systems. A shunt regulator with high stability and high reliability is usually used. Applications, however, are limited
by high heat dissipation and low efficiency. In this paper, with an improved shunt regulation method, a novel concept of stepless
power reconfiguration (SPR) for the CC/CV module is proposed. In cases with stable or slowly changing load, two modes of
CC/CV conversion are proposed to reduce unnecessary power loss of the shunt regulator while being able to retain any operator-
preset power margin in the system: (1) the manual SPR (MSPR) method based on single-loop control method; (2) the automatic
SPR (ASPR) method based on inner-outer loop control method. The efficiency of the system is analyzed. How to select some key
parameters of the system is discussed. Experimental results show that MSPR and ASPR are both effective and practical methods to
reduce heat dissipation and improve the efficiency of the CC/CV module, while the high stability of the shunt regulator remains.
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1 Introduction

In recent years, a cabled underwater observatory
system has become one of the main methods of ocean
observation owing to its compatible long-term, real-
time, and in-situ properties (Chave et al., 2004;
Asakawa et al., 2009; Qu et al., 2015). Constant cur-
rent (CC) transmission mode and constant voltage
(CV) transmission mode are widely applied (Kojima
et al., 2005; Chen et al., 2012) for the cost-effective
merit of the direct current transmission (Howe et al.,
2002). The CC mode is widely used due to its inherent
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merit of short circuit tolerance (Asakawa et al., 2007;
Chen et al., 2019b), while CV is required as the power
supply of the scientific instruments used for ocean
observation. Therefore, CC to CV (CC/CV) conver-
sion technology has become one of the most critical
technologies in the system.

1.1 Typical methods of CC/CV conversion

There are three common methods of CC/CV
conversion: Zener diode, active shunt regulator with
or without multi-module-stack method, and normal
regulator.

In cases of low power applications, Zener diodes
are used, a kind of passive shunt regulator, the sim-
plest method (Kojima et al., 2005). Due to the in-
herent characteristics of CV output, using Zener diode
greatly simplifies the manufacturing difficulty of
CC/CV converter, which is widely used in the re-
peaters in a commercial submarine communication
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system, an underwater observatory node with rela-
tively low power demand (Kanazawa et al., 2008,
2011), and maintenance systems in observatories
(Chen et al., 2015, 2019a; Zhang et al., 2018). Note
that a closed-loop direct current to direct current
(DC/DC) module for further regulated voltage output
may be incorporated into the system (Fig. 1a). How-
ever, enough dissipation is required in the Zener diode
to ensure high stability of the system and the power
capacity is difficult to reconfigure, leading to a chal-
lenging cooling system design if a large power is
required, which results in a low power capacity of the
CC/CV converter.

An active shunt regulator is one method to im-
prove power capacity compared with the passive
shunt regulator (Howe et al., 2011). A basic block
diagram of a typical active shunt regulator is shown in
Fig. 1b. One key component in the active shunt reg-
ulator is called balance-load (BL, also known as the
“dummy load”). There also is a controller that con-
trols the equivalent resistance of the BL. When the
load is within the rated range, the controller controls
the BL to make the sum of the load power and the
power consumed by the BL to be a constant value in a
steady state, so as to realize a regulated output voltage
since the CC distribution (Zang et al., 2020). In other
words, the steady-state voltage and current on the
submarine cable are constant in theory, which makes
the system greatly stable. It is very much like that a
certain amount of power is temporarily stored on the
BL (although it is actually consumed). When the load
power increases or decreases, the power consumed by
the BL correspondingly decreases or increases.
Therefore, the power consumed by the BL can be seen
as a power margin left to the load. The higher the
power margin (the power consumed by the BL), the
greater the amount of load power can increase,
however, the lower the power conversion efficiency.

To overcome the problem of low conversion ef-
ficiency, one method is to adopt the stack structure
which comprises multiple CC/CV modules (Harris
and Duennebier, 2002; Asakawa et al., 2003, 2007;
Zang et al., 2020), known as the multi-module-stack
method (Fig. 1c). In the multi-module-stack CC/CV
converter, redundant modules can be bypassed to
reduce the consumption of the BL, so as to reach a
better efficiency. In addition, the system output ca-
pacity can be improved. Therefore, at present, many

CC cabled underwater observatory systems with high
power requirements adopt the active shunt regulator
method, such as the Hawaii-2 Observatory (H20)
(Petitt et al., 2002; Butler, 2003), ALOHA Cabled
Observatory (ACO) (Howe et al., 2011, 2015), the
development of dense ocean-floor network system for
earthquakes and tsunamis (DONET) (Kawaguchi
et al,, 2008), and DONET-2 (Choi et al., 2013;
Kawaguchi et al., 2013). In other words, the active
shunt regulator based on multiple CC/CV modules is
the mainstream method at present. The efficiency of
the system was analyzed in Chen et al. (2020) in detail,
from which we can see that the efficiency is still very
low under certain load power requirements, and that a
lot of heat is still necessary to be dissipated in the BL,
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Fig. 1 Common methods of CC/CV conversion: (a) Ze-
ner diode; (b) active shunt regulator; (c) multi-module-
stack method based on an active shunt regulator; (d)
normal regulator
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which also poses a challenge to the cooling system
design.

Moreover, using the normal regulation method is
one of the possible solutions (Fig. 1d). The normal
regulator is to directly adjust the system voltage
without BL when the load changes, which is very
similar to adjusting the current when the load changes
in a CV system. Without considering the effect of the
long cable, the system can be well stabilized with a
compatible feedback design (Saha et al., 2018a,
2018b; Wang HJ et al., 2019). The LCL-T resonant
network based DC/DC converter proposed in Saha
et al. (2021) achieves very high conversion efficiency
(the peak efficiency is approximately up to 96%),
which makes this a very promising idea. In Zapolskiy
et al. (2018), the electric energy of the solar battery as
a current source was converted into CV electric en-
ergy, and there was no long cable in the system. In the
case of a long cable, Wang HJ et al. (2017) can also
stabilize the system; bandwidth is, however, limited
by the effect of the cable and the negative impedance
characteristics of the converter. Compared with the
shunt regulator, the normal regulator may still face
challenges of the inherent instability due to the slow
dynamic response of a long cable in the CC system,
especially when powering a heavy load (Harris and
Duennebier, 2002). To sum up, considering that the
mainstream CC underwater observatory system still
adopts the shunt regulation method at present, the
goal of this paper is to improve the shunt regulator
instead of doing further research on the normal volt-
age regulator. We believe that use of the normal reg-
ulator is promising and worth further research, but
this is not the main topic in this paper.

1.2 Motivation of this paper

If the load power is kept at a high level, this re-
sults in a low level of heat dissipation on the BL
(Fig. 2a), under which circumstance the shunt regu-
lator is suitable. However, under the following two
circumstances, which are very common in underwater
observation applications, the aforementioned tradi-
tional shunt regulators are not the most cost-effective:

1. Load power demand is relatively stable. For
example, load is only some communication equip-
ment and the sensors with stable power demand. In
this case, an unnecessary power margin is possibly
left on the BL (Fig. 2b). At this point, we need to

reduce the unnecessary heat dissipation on the BL.
Even if the multi-module-stack method is used to
reduce the power of BL, due to the fact that it is a
stepped power reconfiguration method, the system
cannot guarantee that the power consumed by BL is
an ideal value under any stable load state. However, if
a method can be used to adjust and control the power
of BL without steps, a reasonable power margin can
be reserved for the system to prevent the power fail-
ure caused by sudden load rise. The unnecessary
power consumed by BL can be reduced within the
range designed by the designers, and the system effi-
ciency can be relatively improved (Fig. 2c¢).

2. The load power changes over a wide range,
but the changing rate is relatively slow, e.g., the
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Fig. 2 Motivation for the stepless power reconfiguration
(SPR) of the shunt regulator explored in this study

(a) If load power is kept at a high level, it will result in a low
level of heat dissipation on the BL; (b) If load power is kept
at a low level, an unnecessary power margin is possibly left
on the BL, leading to a waste of power; (c) In this study, we
adjust the power of BL steplessly, and only a reasonable
power margin can be reserved for the system to prevent the
power failure caused by sudden load rise; (d) If the load
changes slowly, the strategy in this study adjusts the power
of BL automatically to ensure that the power margin of the
system is kept in a necessary range
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charging process of an autonomous underwater vehi-
cle (AUV) (Lin et al., 2019) or other devices. Alt-
hough the power demand changes greatly at the be-
ginning of charging, the change of power during the
charging process is relatively slow (Yong and Rahim,
2013; Khan et al., 2016). In this case, if only the tra-
ditional shunt regulation method is adopted, it is ob-
vious that a large amount of power will be dissipated
in BL for a long time. It is more suitable if we can use
some methods to adjust the power of BL steplessly
and automatically, and even if the load slowly
changes, the power margin of the system will still be
kept in a low and necessary range, so as to reduce the
useless dissipation (Fig. 2d).

Therefore, focusing on the above two circum-
stances, the concept of stepless power reconfiguration
(SPR) of the CC/CV module is proposed in this study.
Moreover, two practical and effective modes of the
CC/CV module are introduced. On the premise that
the stability of the system is fully guaranteed, the
power thermal dissipation of the BL is reduced, so
that the output power of the system is close to the
power required by the load, resulting in relatively
high conversion efficiency.

2 Stepless power reconfiguration
2.1 System description

The system block diagram of a stepless-power-
reconfigurable CC/CV module is shown in Fig. 3.
This consists of an open-loop DC/DC module, a BL,
an analog-to-digital converter (ADC), a controller, a
BL driver, and a closed-loop DC/DC module at the
output side. The main function of an open-loop
DC/DC module is to scale the current according to a
fixed ratio and isolate the voltage of the input side and
output side. Note that the internal control duty cycle
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Fig. 3 Block diagram of the stepless-power-reconfigurable
CC/CV module

in this DC/DC module is fixed; the current transfer

ratio is also fixed. The controller used here is a digital

controller; thus, sampling the output voltage from the

ADC module, the controller adjusts the resistance

value of the BL through the BL driver, so as to regu-

late the output voltage (U,) to the expected value (Usr)
(Zang et al., 2020). The back-end DC/DC module is a

traditional closed-loop DC/DC module required to

have a wide input voltage range and a constant output

voltage.

The output power of the open-loop DC/DC
module is the power capacity of the CC/CV module,
consumed by both the BL and the load as aforemen-
tioned. Because of the constant and known input
current (/,), the output current (/) of the open-loop
DC/DC module is also constant and known. Hence, if
the output voltage (U,) can be well regulated to an
expected value, the output power of the DC/DC
module, namely, the power capacity of the CC/CV
module, can also be well reconfigured to an expected
value. Therefore, as long as we know how much ef-
fective power of the system is consumed by the load,
or how much power is dissipated by the BL through
the thermal dissipation, we can adjust the output
voltage to adjust the power of the BL, so as to adjust
the efficiency of the system. In addition, for the load,
the back-end closed-loop DC/DC module with a wide
input voltage range will further regulate the voltage to
a constant value; that is, even if it is U, that is adjusted
to achieve the power capacity reconfiguration, the
required voltage of the load can still be fully guaran-
teed. Moreover, once there is a certain power con-
sumption left on the BL (that is, there is a certain
power margin in the system), even if the load has an
unexpected power rise, the CC/CV module can still
ensure its full stability. Due to the stepless adjustment
of U,, the power reconfiguration is also stepless. This
is the main concept of the SPR method.

2.2 Manual stepless power reconfiguration

It is known that under the effect of the controller,
when the system reaches its steady state, the system
satisfies the following equation:

UI=P=P +P. (1)

Here, U,, I, and P are the output voltage, output
current, and output power of the open-loop DC/DC
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module respectively, Py, is the power margin of the
system, which has different names from different
perspectives, and Py is the power consumption of the
load.

The idea of manual stepless power reconfigura-
tion (MSPR) is that in practical applications, opera-
tors on the shore need to estimate the actual power of
the load and set an output voltage according to the
load characteristics, and then the power margin will
be adjusted to the corresponding value. The output
voltage to be set must satisfy

U, =(P,, +Bax)/1.. )
where Py, ( is the target power margin reserved for the
system and Ppyax is the estimated maximum power
of the load.

Compared with the traditional method where
the output voltage is set constant leading to constant
power consumption, MSPR has some obvious ad-
vantages: the adjustable or fixed output voltage en-
sures that the power consumption value of the
CC/CV module is an expected value of the operators,
and the desired power margin is also achieved. Due
to the preset power margin, the steady-state dissipa-
tion of the BL can be maintained in a relatively small
range, and the efficiency will be correspondingly
improved.

2.3 Automatic stepless power reconfiguration

Although MSPR is a quite simple method, it also
has some obvious disadvantages. First, because it is
calculated by the estimated maximum power of the
load, especially for the second circumstance men-
tioned in Section 1, the actual power margin must be
greater than P, ; in a long-time range, which is a
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waste of power. Similarly, due to the submarine ca-
bles and other reasons, the voltage adjustment process
cannot be too fast, which may cause stability prob-
lems (Harris and Duennebier, 2002). It is difficult to
avoid voltage changing too fast if applying only
MSPR. Therefore, here we allow the BL to have a
high dissipation in a period and use a certain delay
strategy to reduce the power of the BL into the desired
range according to the real-time monitored load
power automatically. Therefore, even if the load
changes in a certain range, by automatic stepless
power reconfiguration (ASPR), the power capacity of
the system will be adjusted to keep the power con-
sumption of the BL in the desired range, instead of at
a particularly high level. In addition, ASPR can avoid
the system stability problem caused by the rapid
change of output voltage due to possible poor
operation.

An inner-outer loop control strategy is proposed
to achieve ASPR (Fig. 4). The inner loop is designed
to regulate the output voltage, the same as the tradi-
tional method in Zang et al. (2020) and MSPR. The
state calculation part is responsible for calculating the
real-time power capacity, power margin, load power,
target voltage, and other key states. The outer loop
uses the calculated target voltage to further adjust the
output voltage of the system with a certain inertia
delay.

Therefore, the key technologies of the ASPR are:
(1) how to obtain the power distribution in Eq. (1)
effectively; (2) how to adjust the power margin.

For the first question, although the direct moni-
toring of load power Py is widely used in engineering
(Wang J et al., 2015), the direct goal of ASPR is to
adjust the power margin. Instead of monitoring the
load power, it is better to obtain the power margin of
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Fig. 4 Block diagram of the inner-outer loop control strategy
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the current system directly. The equivalent resistance
of the BL used in Fig. 3 varies with the driving duty
cycle and satisfies Eq. (3) (detailed analysis and der-
ivation can be found in Section 3):

RBL:RBLO/D' (3)

Here, Rpy is the equivalent resistance of the BL, Rgy
is the resistance of the fixed resistor, and D is the
driving duty cycle. Under the output voltage U, the
power consumption of BL is

Pm:PBL:Uj /RBL :UjD/RBLm 4)

where Pg| is the power consumption of BL.

As long as the output voltage U, and duty cycle
D are obtained in real time, the current system power
margin Py, can be easily obtained. We may as well
bring Eq. (4) into Eq. (1), and the current load power
can be obtained by

P=UI -U!D/Ry,. (5)

In terms of the second question, the relationship
among the variables in Eq. (5) is shown in Fig. 5. We
can see why the inner-outer loop control strategy is
necessary. From Fig. 5a, it is not convenient to adjust
D directly by the outer loop given the nonlinear fac-
tors when the power margin needs to be adjusted.
However, the relationship between the output voltage
and power margin is linear as shown in Fig. 5b.
Therefore, with the inner-outer loop control strategy,
the outer loop needs only to provide a reference
voltage U, to the inner loop, and the inner loop will
automatically adjust the value of D to regulate the
output voltage. In Fig. 4, since the inner loop adopts
the small-signal model in Zang et al. (2020), what is
provided by the outer loop is the increment of the
reference voltage AU, and the output voltage value
of the inner loop needs to be added with an initial
voltage U.. The working points of the system are on
the black line if the power margin of the CC/CV
module is equal to the target power margin P,
(Fig. 5b). The state calculation part will provide a
target output voltage U, which can achieve the
preset Py, ¢, to the outer loop. The voltage error signal
is obtained by the difference between U, ( and U,
through which the controller in the outer loop can

Working points
when Py = P ¢

Pm (PEL)

P

(b)

Fig. 5 Schematic relationships among duty cycle, load
power, and output voltage (a) and among power margin,
load power, and output voltage (b)

output AU,s to achieve a certain delay. This is the
control method of the outer loop.

As for how to obtain the target output voltage
U, , in practical applications, the output current of
the system is often known to operators. Therefore, we
may as well preset an appropriate Py, (, and the target
output voltage can be calculated and updated in real
time through the output voltage and the duty cycle as
follows:

1. Obtain the current power capacity of the
CC/CV module: P=U, /.

2. Calculate the current power margin through
Eq. (4).

3. Calculate the power load through Eq. (5).

4. Calculate the target output voltage:

U, =(B +PR,)/I. (6)

This is the “state calculation” (Fig. 4).
With ASPR applied, the output voltage also
changes with the different load power. Compared
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with the normal voltage regulator, however, the es-
sence of ASPR is to temporarily consume a certain
amount of power on the BL. It still is a shunt regulator,
which can be seen as an improved automatic capacity-
self-regulated Zener diode as shown in Fig. la. The
consumption of BL is more like a kind of power res-
ervation. When the load changes, the CC/CV module
first lets the BL give up its power to the load and then
lets the BL slowly recover to the preset target power
margin from the submarine cable. As long as the load
power increment does not exceed the power margin,
there will be no stability problem. Moreover, the
problems of high thermal dissipation and low effi-
ciency of traditional shunt regulators can be solved.
This is the main idea of ASPR.

3 System analysis
3.1 Efficiency and target power margin

The conversion efficiency of the CC/CV module
is composed of three parts, the efficiencies of the
open-loop DC/DC module, the shunt regulator, and
the closed-loop DC/DC module. The open-loop
DC/DC module has different efficiencies with dif-
ferent topologies applied. Many current to current
DC/DC converters have been proposed and analyzed
(Asakawa et al., 2007; Wang HJ et al., 2019); these
have different characteristics including their effi-
ciency. Similarly, the closed-loop DC/DC module is
one of the commercial converters, and its efficiency
can also reach a high value. Therefore, in this study,
we discuss only the efficiency of the shunt regulator
which is the core problem. Due to the changeable
output voltage, the working points of open-loop
DC/DC and closed-loop DC/DC modules are changed
correspondingly, which has a certain impact on their
conversion efficiency but will not be discussed in this
study.

Different P,, values lead to different efficiencies:

n=F /(R +PF,). )

Here, 7 is the conversion efficiency of the shunt reg-
ulator. Thus, with ASPR applied, P, will eventually
converge to Pp, . The smaller the value of P, , the
higher the efficiency. However, due to the delay
purpose of ASPR, when the increment of the load
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exceeds Py, a power failure may occur in the system.
Therefore, Py,  must be determined according to the
actual load rather than only seeking a quite high
efficiency.

In addition, as shown in Fig. 3, both the open-
loop and closed-loop DC/DC modules limit the range
of voltage U,. If U, is reduced to a very low value to
reduce the power margin of the system to the target
power margin when the load power is a relatively
small value, the calculated target voltage U, ; may be
smaller than the minimum voltage value of the system.
Similarly, when the load requires relatively large
power, U,  may exceed the maximum voltage of the
system. We need to saturate the target voltage value
calculated by the above method, that is, to limit the
range of U, . in the calculation process. Therefore, the
minimum voltage and maximum voltage required by
the system will have a certain impact on the steady-
state power margin. Assuming that the load power is a
fixed value, the steady-state power margin can be
obtained:

UMINIS - Iiv Uoit < UM[N >
Esm = ])m_t H UMIN < Uo_t < UMAX’ (8)

UMAXIS _PL’ Uoit > UMAX'

Here, Py, is the steady-state power margin, and Uy
and Upmax are the minimum output voltage and
maximum output voltage, respectively. Substitute
Eq. (6) into Eq. (8), we can obtain:

UMINIs _PL’ E. < UMINIs T
Pssm = Pmit’ UMINIS - Pmit < L < UMAXIS - Pmit’
UMAXIS - IJL’ PL > UMAX]s _Pmy

)

Eq. (9) is a piecewise function which varies with
different load power. We can obtain the relationship
between the steady-state power margin and the load
power (Fig. 6). We segment the load according to the
load characteristics: it is called the small-load linear
section (SLLS) or the large-load linear section (LLLS)
if the load power is less than Unin/s—Pn ¢ or greater
than Unmaxls—Pnm +, respectively. The rest is called the
intermediate section (IS). It is illustrated from Fig. 6
that when Py is in SLLS, due to the existence of Uy,
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the designed target power margin is not fully ensured,
while the steady-state power margin is greater than
the target power margin, which has no negative ef-
fects on the stability. If designers are willing to fully
ensure the preset target power margin, then inequality
(10) must be satisfied:

(10)

Namely, SLLS no longer exits. Similarly, when Py is
in LLLS, the designed target power margin is also not
fully guaranteed, and the steady-state power margin is
less than the target power margin which will affect the
stability. Therefore, to ensure that the target power
margin is sufficient and that the system is highly sta-
ble, the load shall not work in LLLS in practical
applications.

Consequently, considering the influence of the
maximum output voltage and minimum output volt-
age, the efficiency of the system can be obtained:

I

H PL <(JMl'NIs _Pm s

Uy - -
_J] A

n= Pm7t+PL, UMINIs_PmJSPLSUMAX]s_PmJ’

i

, B >U,xI —P, ..

UMAX' s -

(11)

Eq. (11) is also a piecewise function, which varies
with different load power. Without applying ASPR,
the conversion efficiency is (Chen et al., 2020):

77:PL/(UMAX -1). (12)
It is clear that Eq. (12) is the same as that in LLLS;
that is, in LLLS, the efficiency is not improved
compared with the traditional method. However, the
efficiency in SLLS and IS is significantly improved
compared with that in the traditional method, as
shown in the shaded part of Fig. 7. Moreover, it can be
known that a larger target power margin will lead to a
smaller SLLS and a larger LLLS, and the efficiency
improvement in IS is less significant compared with
that in the traditional method. Therefore, if the load
power is relatively stable and the efficiency is a

Pssm Pssm=Umin-ls=PL
Small-load linear
section Pssm=Uwax-ls—PL
Large-load linear
| Pssm=Pmt | section
DN .
| N Intermediate |
N_ section
N
| N
N [
P=Uwin'Is=Prm PL=UnaxIs=Prm ¢ P

Fig. 6 Schematic steady-state power margin curve
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I
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»
-

Pr=Uwvaxls=Pm_t1 =3

Fig. 7 Schematic efficiency curve

priority to designers, the target power margin should
not be too large. On the contrary, when the load is not
stable enough while stability is the priority, the target
power margin should not be too small. The specific
value must be determined according to the actual
requirements.

3.2 System strategy with a starting up load

MSPR is a general method, which can meet
different load power requirements. ASPR can meet
the two circumstances mentioned in Section 1, and
either of them is a mode of the CC/CV module. In the
traditional CC converter, an analog controller is often
the first choice, while in either MSPR or ASPR, a
digital controller is the best option. In the above
analysis, it is necessary to obtain various real-time
states of the system, such as duty cycle and output
voltage, so as to obtain the current load power and
power margin, which are only the results of input,
output, or simple calculation of the controller. At the
same time, due to the need for real-time voltage
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regulation, the reference voltage using a digital value
will bring higher reliability.

An important premise of both MSPR and ASPR
is that the incremental power of the load shall not
exceed the existing reserved power margin of the
system; otherwise, the system may be unexpectedly
unstable, which is a characteristic of a shunt regulator.
As for MSPR, the system margin can be set as large as
possible since it can be manually controlled by the
operators. However, for ASPR, the steady-state
power margin is theoretically equal to the target
power margin that is not a very large value. Even if
the load is very stable, there still is a stepping power
increase at the moment of load starting. Therefore, we
need to combine both MSPR and ASPR under this
circumstance. By applying the digital controller, the
CC/CV module can be easily switched between
MSPR mode and ASPR mode. Before the load is cut
in, the CC/CV module should be in MSPR mode, and
the output voltage needs to be set at a suitable value
according to the method in the previous section. After
load cut in, the operators should judge if this load
meets either of the two circumstances mentioned in
Section 1. If yes, ASPR mode can be turned on to
further reduce the power consumption of BL and
improve efficiency. If not, MSPR mode needs to be
maintained and a possible better output voltage can be
set to meet the load requirement and the efficiency
consideration.

3.3 Design of BL

The BL in this study adopts the structure intro-
duced in Chen et al. (2019b) and Zang et al. (2020),
which consists of only several resistors and switches
in series with the advantages of high reliability and
easy implementation. For simplicity, these resistors
and switches are treated as one equivalent resistor
Rp1o and one equivalent switch, respectively. Note
that the function of the switch should be realized by
MOSFET or other semiconductor components that
can realize high-speed switch function. When the
switches are driven by a pulse width modulation
(PWM) wave with a certain duty cycle D as the con-
trol signal, the current discontinuously flows through
the resistor, resulting in the equivalent resistance of
the BL varying with the preset duty cycle. The aver-
age current /g o flowing through resistor Rgy ¢ within
a period of PWM wave Ty can be derived as

1633

1 DTy | Tgr Uo
Iy, = T—(jo iy, (H)dr + IDTBL iy (t)dt) =D

BL BLO

(13)

On this basis Eq. (3) can be obtained. Fig. 8 shows the
relationship between the average current and the duty
cycle, and the corresponding equivalent resistance
value and duty cycle under a constant voltage of 48 V.
The experimental results are consistent with calcu-
lated results through Eq. (3).
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Fig. 8 Experimental results of average current flowing
through the BL under the voltage of 48 V and the equiv-
alent resistance of the BL (References to color refer to the
online version of this figure)

After obtaining the key relationship among the
equivalent resistance of BL, the duty cycle, and the
fixed resistance value, we can study the conditions of
BL to ensure that ASPR can be realized. According to
Egs. (1) and (4), we can obtain

(})L +Pm )2 _ _ RBLO
P I

=R, = D (14)

The right side of Eq. (14) is the equivalent re-
sistance of the BL. The left side of Eq. (14) is a value
that varies with different power margin and different
load power. The value of Rg; must ensure that P, can
be equal to the target value P, (. Since the equivalent
resistance of BL has only a minimum value but no
maximum value, it is obvious that the minimum value
of Rgr. should be less than the minimum value on the
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left side of Eq. (14). Hence, Rg( must satisfy

} - (15

where [-]max and [-]umn represent the corresponding
maximum and minimum values, respectively.

Thus, when the load power is equal to 0 and the
duty cycle is the maximum, the calculated result is the
maximum limit of Rgp . Assuming that the duty cycle
varies in the range of [0, 1], then inequality (15) can
be further simplified as

(R+P.)
Pmit : ]\2

Rur<lL |

B
Ry S—.

BLO = 2
IS

(16)

3.4 Stability analysis

Both ASPR and the normal regulation method
adjust the input voltage. However, the main differ-
ences between ASPR and the normal regulation
method are as follows: ASPR is to temporarily con-
sume a certain power on the BL to maintain a suffi-
cient power margin, which makes this method still a
shunt regulator. Then the system will not only auto-
matically but also slowly adjust the intermediate stage
output voltage (U,) with the delay strategy as men-
tioned. This sufficient delay strategy makes the
voltage adjustment continue for a few seconds, which
is much longer than the millisecond adjustment time
of the normal regulation method, so as to alleviate the
negative impedance characteristics of the CC/CV
module.

Hence, with this delay strategy of the outer loop,
we can assume that the stability of the system depends
only on the inner loop. The control block diagram of
the inner loop is shown in Fig. 9. Note that here we
simplify all load on the output side of the DC/DC

0ref - & 2 fo . 00
PI(s) (AC) NZAC) N
+ d(s) r.(s)
F th
thoeTboi PI controller BL DC/DC module

Sam(s) |«

Sampling

A: Small signal increment

Fig. 9 Control loop of the system under the small-signal
scale
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module into one equivalent resistor R,. All variables
in the figure corresponding to the above variables are
just in lowercase and with “~” representing the in-
crement value under a small-signal scale.

To illustrate the stability of the system, there is
no harm in adopting the push-pull DC/DC module in
Zang et al. (2020), the model of which has been de-
rived as follows:

()
(s)

<>

=)

o>

B K*ILCs* +1,
K’LCC,R,s* + K’LCs* +(K’CR, +C,R, )s +1

(17

The equation characterizes the relationship be-
tween the output voltage U, and the equivalent re-
sistor R, in a form of the small-signal increment. Due
to page limitation, please refer to Zang et al. (2020)
for the structure of the push-pull DC/DC module and
the meaning of parameters on the right side of
Eq. (17). Also using the small-signal model, we can
obtain the dynamic equation of BL:

56 —R,. (18)
d(s)

In cases where the reference voltage is constant
(without considering the outer loop), since the current
at the output side of the DC/DC module is constant in
the steady state, R, is constant. The target voltage
provided by the outer loop changes slowly; hence, it is
advisable to assume that R, is constant when analyz-
ing the scenario under a specific reference voltage.
Note that there is a “—” (minus) sign in Eq. (18);
hence, feedback is inherently negative and the sign of
the output signal from Sam(s) shall be positive.

In this study, the proportional-integral (PI) con-
troller with mature design theory is used in the system.
Set C;=47 uF, C,=100 pF, L=2 mH, K=2, [~1.9 A,
Urer=48 V (R=U,¢/I,=25.3 Q). Set the proportional
coefficient K,=15 and integral coefficient Ki=500. It
is also assumed that the sampling part is a constant
gain equal to 5/48. The Bode diagram of the open-
loop transfer function after PI compensation is shown
in Fig. 10. The crossover frequency is 4.5 kHz; the
phase margin is 90.7° with an infinite gain margin.
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Fig. 10 Stability margin of the system

The inner loop control strategy ensures fast re-
sponse of the system and makes the system have a
sufficient stability margin. As long as the instanta-
neous increment of load power does not exceed the
power margin, there will be no stability problem that
may occur in the normal regulation method due to its
negative impedance characteristics and the long
submarine cable scale. This is also one of the ad-
vantages of the ASPR mode.

4 Experimental results
4.1 Setup of the experiment

The setup of the experiment is shown in Fig. 11,
which consists of a CC power source, an oscilloscope,
an electronic load, and other components mentioned
in Section 2. The output current /5 of the open-loop
DC/DC module is measured as 1.82 A. The closed-
loop DC/DC module has a rated output of 24 V with a
wide input voltage range from 14 V to 70 V. To ensure
its safety and reliability, the output range of U, is set
between 20 V and 60 V. The electronic load simulates
the load of the CC/CV module. Considering the sim-
plicity of the experiment, we set the electronic load
working in the current model. Given that the heat loss
of the system is different at different time, the meas-
ured power corresponding to the same current value
may be slightly different. Note that there is a certain
conversion loss in the closed-loop DC/DC module,
the actual measured power value is greater than the
product of the current value and the output voltage of
24 V. In addition, due to the inevitable existence of
certain resistive load in the system (such as the un-
loading resistors in parallel at the end of the open-
loop DC/DC module), the actual load power is higher
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than the external load power. To better illustrate the
main idea of this study, the load power is the actual
measured power consumed by the load minus the
power of the resistive load, that is, the input power of
the closed-loop DC/DC module.

1 | Stepless-power-configurable
P CC/CV module

Closed-loop
DC/DC —
module S

Open-loop

DC/DC module ADC BL driver

Fig. 11 Setup of the experiment

4.2 Load starting up

The experimental results under different load are
shown in Fig. 12. We set the load as 0.75, 1.50, 2.25,
and 3.00 A, and the corresponding input power of the
closed-loop DC/DC module is 17.6, 37.3, 61.2, and
83.5 W, respectively. According to the strategy ana-
lyzed above, first, operators need to turn on MSPR
mode and set an appropriate output voltage value.
Here, we select the maximum voltage, i.e., 60 V, as
the voltage before load starts. The theoretical power
margin is 109.2 W. Considering the internal con-
sumption mentioned above, the measured power
margin is about 101 W. At the moment of 0.5 s, the
start-up of each load leads to the stepping up of load
power. Because the steady-state power of each load is
less than the power margin at this time, the CC/CV
module is able to supply power to the load normally.
Since the load is stable after starting, the CC/CV
module is switched to ASPR mode at 2.5 s with a
preset target power margin of 25 W. Except for the
load of 3.00 A, the power of BL, namely, the power
margin of the load of 0.75, 1.50, and 2.25 A begins to
decline slowly, and all converges to 25.3 W. The ef-
ficiency increases from 0.23, 0.40, and 0.64 to 0.41,
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0.60, and 0.71, respectively (i.e., increased by 78%,
50%, and 11%, respectively). However, it can be seen
from Fig. 12 that for the load of 3.00 A, the power
margin of the system is 17.5 W after the load starting
up, which is less than the target power margin of 25 W.
In other words, the voltage must be increased to en-
sure the target power margin, while the voltage is
already the maximum regulated voltage of 60 V.
Therefore, even if ASPR mode is turned on, the
power margin will not be further adjusted. Because
the power margin of the system cannot be fully
guaranteed, it naturally has a higher efficiency (0.84).
Nonetheless, the fluctuation of load power is easy to
cause stability problems due to the lack of power
margin, which should be avoided in practical
applications.

— 0-0.75A — 0-1.50A — 0-225A — 0-3.00A
60
S 40
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Fig. 12 Experimental results under the strategy with
load starting up (References to color refer to the online
version of this figure)
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4.3 Relatively slowly changing load over a wide
range

4.3.1 Load in stepped variation

We take 0.75 A as the initial state, and 0.75 A as
a step every 10 s of the load as shown in Fig. 13. Then
we let the load step down from the last condition after
load stepping up. This kind of load has the charac-
teristics of a wide changing range within a long-time
range but a small changing range within a short-time
range. Note that to avoid an insufficient power margin
under the load of 3.00 A, the upper limit current of the
electronic load is set at 2.80 A. As can be seen from
Fig. 13a, the initial power consumption value of BL is
25 W, and the corresponding initial voltage is 23.9 V.
With the load power stepping up, it is the BL that first
gives up its power consumption, resulting in a rapid
reduction of the power margin. Then, under the effect
of ASPR mode, the power margin slowly rises to the
target power margin. The average steady-state power
margin is 25.0, 25.0, 25.0, and 24.9 W, and the cor-
responding output voltage is 23.9, 34.3, 49.2, and
60.0 V, respectively. In theory, the efficiency curve
without ASPR applied is shown as the red line in
Fig. 13, which is directly obtained from the test data
according to Eq. (12). It can be seen that with ASPR
applied, the efficiency is increased from 0.17, 0.34,
and 0.59 to0 0.42, 0.60, and 0.72, respectively, after the
system is stable (i.e., increased by 147%, 76%, and
22%, respectively). Similarly, as shown in Fig. 13b,
when the load power decreases, the reduced part of
the load power is first consumed by the BL, which
makes the power margin increase temporally. After
the load is stable, the average power consumption of
BL is 24.9, 25.0, 25.0, and 25.1 W, respectively, and
the efficiency is the same as the circumstance of load
stepping down. The steady-state power margin is
around the target power margin of 25.0 W with the
error of £0.1 W, which effectively solves the problem
of high heat dissipation of the CC/CV module, and
correspondingly improves the conversion efficiency.
Note that the load of 2.80 A already leads to a max-
imum voltage of 60 V with a sufficient power margin
of 24.9 W; hence, its efficiency is constantly 0.77.

4.3.2 Load in continuous variation

To imitate a load in continuous and slow varia-
tion, we set the minimum value of the electronic load
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Fig. 13 Experimental results with load in stepped variation: (a) load steps up; (b) load steps down
References to color refer to the online version of this figure

as 0.75 A and the maximum value as 2.25 A which
changes periodically in a triangular waveform. The
results are shown in Fig. 14. The maximum power
and minimum power are 59.8 and 17.1 W, respec-
tively. The corresponding voltage is 48.0 V and 24.7 V,
respectively, and the corresponding power margin is
21.4 and 27.3 W, respectively. However, the power
margin does not converge to the target power margin
while changing periodically between 21.4 and 29.2 W.
The lowest and highest points of efficiency are in-
creased from 0.18 and 0.60 to 0.40 and 0.75, respec-
tively (i.e., increased by 122% and 25%, respectively).
Nonetheless, the power margin is still in a relatively
reliable range, which can also effectively guarantee
that the heat dissipation of BL is not too high.

4.4 Efficiency validation

To validate the efficiency of the shunt regulator,
we set the target power margin as 5, 15, and, 25 W to
obtain the corresponding efficiency under different

load power, and also obtain the corresponding ideal
efficiency curve through Eq. (12), as shown in Fig. 15.
The efficiency in SLLS and IS is significantly im-
proved compared with the one without SPR (i.e., the
traditional shunt regulator). The calculation results
are highly consistent with the experimental results,
which effectively validates the analysis above.

5 Conclusions

The concept of SPR has been introduced in this
paper, which is a novel active shunt regulation
method that can be used in the CC/CV converter, of
which the key technologies are shown in Fig. 16.
Focusing on the circumstances mentioned in Section 1,
two effective and practical methods named MSPR
and ASPR have been discussed. They can steplessly
reconfigure the system power manually and automat-
ically, respectively, so as to reduce the unnecessary
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dissipation of the system and greatly improve the
efficiency compared with the traditional shunt regu-
lation method, while ensuring the stability of the
system. The experimental results showed that the
steady-state efficiency of stepless power reconfigu-
ration can be increased up to 1.47 times that of a
typical shunt regulator.

Stepless-power-reconfigurable CC/CV converter
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Fig. 16 Key technologies of the stepless-power-
reconfigurable converter
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