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ABSTRACT Cabled underwater information networks (CUINs) have evolved over the last decade to provide
abundant power and broad bandwidth communication to enable marine science. To ensure reliable operation
of the CUINs, the stability of the remote power supply system, a key component of underwater power
facilities, is essential. To avoid instability and collapse of the power system caused by rapid changes in
load, we propose an equivalent load power-stability control circuit suited for an underwater constant current
power supply system. This circuit can change its own working state according to the size of the load and
play a role in power compensation. In order to prove the feasibility of the converter design, the working state
of the circuit under different load values was analyzed and the performance of circuit was verified through
simulation and experiments. The results show that when the load resistance changes within a large range
(including when the load has an open circuit or short circuit fault), the equivalent load is basically unchanged
or changed within a very small range for the constant current source, causing the constant current source to
maintain stable output voltage and output power. Thus, the influence of the branch line cable on the trunk
line cable is reduced, and the reliability of the underwater constant current power supply system is improved.
Furthermore, the equivalent load power-stability control circuit would facilitate live equipment replacement
and maintenance for CUINs.

INDEX TERMS Cabled underwater information networks (CUINs), remote constant current power supply
system, stability, equivalent load power-stability control.

I. INTRODUCTION
The 21st century is the century of the ocean. The ocean is
rich in natural resources and one of the main factors affect-
ing the global environment and climate change. Moreover,
exploring the ecosystem of the deep ocean is the key to
understand the development of human civilization [1]–[4].
Over the last several decades, oceans have been observed
with traditional shipborne and airborne mobile platforms
or explored by underwater vehicles [5], anchored buoy sta-
tions, and battery-powered equipment [6]. However, these
are only lateral, partial, and temporary ways to explore and
research the ocean, and it is currently impossible to realize
a full-scale, comprehensive, and real-time high-resolution
stereoscopic observation of the ocean from the seabed to the
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surface [4], [7], [8]. In order to explore and understand
the ocean and promote the development of marine science,
the marine science community has proposed a third platform
for observing the ocean [9], [10], that is, cabled underwater
information networks (CUINs).

CUINs have surmounted the two major difficulties of
energy supply and information transmission in ocean obser-
vation, and have become the mainstream development direc-
tion of the marine environment monitoring network [6].
Observation and electrical equipment in the networks relies
on a remote power supply system connected to shore-based
power supply equipment to provide energy. The remote
power supply system serves as the energy supply, and its
performance determines whether the CUINs can operate
normally 11]. At present, the mainstream international sub-
marine cabled power supply technology uses direct current
power supply, and there are two types, i.e., the constant
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voltage system and the constant current system, each system
having its own advantages and disadvantages. For constant
voltage power supply systems, the power converter module
is connected in parallel with the trunk cable, and the power
can be easily distributed through amesh network [12], as with
the North East Pacific Time-Integrated Undersea Networked
Experiments (NEPTUNE-Canada) [13], [14] and other oper-
ating systems [15], [16]. For constant current power supply
systems, a high-frequency switching converter is needed to
shunt the primary node current on the trunk cable, keep the
current in the trunk cable constant, and provide a constant cur-
rent for the secondary node [11], [17], as with Japan ’s Dense
Ocean Network for Earthquakes and Tsunamis (DONET)
[18], [19]. A system with a constant current power supply
mode is resistant to cable impedance and faults. In the event
of a short-circuit fault, parts of the system can still continue
operating, and the system does not require high-medium-low
voltage conversion [20]. Furthermore, the constant current
power supply mode has the advantages of modularization
and standardization of the electric energy conversion mod-
ules [11]. Therefore, the constant current method is a better
choice than constant voltage in scenarios where reliability
is more important than other features such as efficiency or
power delivery capacity [21].

CUINs rely on observation nodes to observe and transmit
information. In the constant current power supply mode,
the observation node is powered by the constant current
remote power supply system, which generally includes two
types of converters: constant current to constant current
(CC/CC) and constant current to constant voltage (CC/CV).
The CC/CC converters are responsible for shunting the trunk
cable current. The CC/CV converters mainly convert constant
current to constant voltage in order to provide energy for
transmission and for controlling and monitoring equipment
in the nodes [22]. Regardless of whether they are open-loop
control or closed-loop control, the CC/CC converters and
CC/CV converters in the nodes only perform electrical energy
conversion and cannot stabilize the output power of the nodes.
When the resistance of the electrical equipment in the nodes
changes, especially rapidly, the output power of the node will
be unstable, which will cause the power system to become
unstable or even crash.

Without proper control, rapid changes in load can result
in instability and even collapse of the power system, so each
load point (or junction box where scientific equipment will
be attached to the system) must be ‘‘smart’’ enough to keep
load variations within tolerance bounds [23]. Therefore, it is
important to design a load power-stability controller that can
ensure stability of the power supply system.

Harris and Duennebier [23] found that the Hawaii Under-
sea Geo-Observatory (HUGO) delivered approximately 5 kW
usable power at the junction box (JBX), which was regulated
to 350 V by a shunt regulator at the JBX, dumping excess
power into a resistor stack. Petitt et al. [24] proposed a
JBX for the Hawaii-2 Observatory (H2O), which delivered
a modest 400W, with inputs in series and outputs in parallel

converters and a shunt regulator. Howe et al. [25] designed
eight converters for the Aloha Cabled Observatory (ACO)
in North America, with 100-V input and a regulated 48-V
output. Each converter provided 160 W and the power
consumed by shunts was controlled by sensing the input
voltage to the converter. Kasahara et al. [26] proposed a ver-
satile eco-monitoring network which delivered 175-W power
for scientific instruments via a cabled underwater system.
Kawaguchi et al. [27] and Yokobiki et al. [28] proposed a
power distribution control system used in a dense ocean-floor
network detection system for earthquakes and tsunamis in
Japan. This system received 500-W constant direct current
power supplied by the terminal equipment and distributed
45-W secondary power output to a measurement instrument
as needed. Moreover, this power distribution control system
had a mechanism to balance the power consumption of sci-
ence nodes constants to prevent the system from reaching
an unstable power distribution status. Chen et al. designed
a typical CC/CV converter that comprised a shunt regula-
tor and a CC/CC module [29]. The CC/CC module was
an output-unregulated converter and functioned by stepping
down voltage or boosting the current of the delivery power.
The shunt regulator comprised a controller and a balance load
(BL, also known as a ‘dummy load’) [30]. By sampling the
external load voltage, the controller adjusted the resistance
of the BL to keep the total power consumed on the BL
and external load at a constant level. Chen et al. [31] con-
ceived a multi-module-stack CC/CV converter architecture
with active soft bypass (ASB) technology and a priority-
based power management strategy (PPMS). The goal was
to solve the incompatibility of high stability, reliability, and
relatively high efficiency presented by the previous CC/CV
converter.

A review of the current literature shows that the real-
ization of load-side power stabilization controllers suitable
for underwater constant current remote power supply sys-
tem usually requires linear regulators [23]–[25], [32] or
controllers [29]–[31] to drive power compensation circuits.
As output power changes at nodes in a power network, due
to load change, power compensation circuits can make the
circuit and load jointly equivalent to a stable load resistance.
The working principle of the linear regulator is shown in
Figure 1(a). Only when the external load resistance becomes
larger does the linear regulator come into play to bear the
excess power consumption andmaintain input power stability
throughout the circuit. When the external load is reduced, the
linear regulator will not function to maintain stability of the
input and output of the circuit. The working principle of the
controller is shown in Figure 1(b). It can adjust the resistance
of the parallel balanced load according to the change in
external load resistance, therebymaintaining stability of input
power. However, it requires a sampling and control circuit,
which will undoubtedly increase the complexity of the circuit
and reduce the robustness of the power supply system.

In this article, we describe a novel power compensation
circuit which combines simplicity and reliability. Using the
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FIGURE 1. Schematic diagram of typical equivalent load power-stability
control circuit in constant current power supply mode: (a) Diagram of
equivalent load power-stability control circuit with linear regulator;
(b) Diagram of equivalent load power-stability control circuit with
controller.

interaction of the MOSFETs and the zener diodes, the circuit
changes the working state of the MOSFETs according to
the load, allowing power compensation. Through theoretical
analysis, simulation, and experiment, the feasibility and sta-
bility of the circuit design was verified. The circuit proposed
in this article can be connected in series between the constant
current power supply and the load. When the resistance of
the electrical equipment changes (including when the load
has an open circuit or short circuit fault), the load and the
control circuit on the observation nodes of the CUINs can be
jointly equivalent to a stable load, which reduces the influence
of the branch line cable on the trunk line cable and ensures
that the output power of the supply network is stable. This not
only improves the stability and reliability of the power supply
system, but also facilitates standardization of the underwater
information network.

FIGURE 2. Schematic diagram of the equivalent load power-stability
control circuit.

II. TOPOLOGY STRUCTURE OF THE EQUIVALENT LOAD
POWER-STABILITY CONTROL CIRCUIT AND ANALYSIS OF
THE WORKING CHARACTERISTICS OF MOSFETS
The basic structure of the equivalent load power-stability
control circuit suited for the constant current power supply
system proposed in this article is shown in Figure 2. In the
figure, Iin is a constant current source, Z1 and Z2 are zener
diodes, M1 and M2 are N-channel enhancement MOSFETs
with the same performance,R1 andR2 are the current-limiting

resistors, and Rload is the load resistance. The design function
of this circuit is that, regardless of the value of the load,
the output power of the constant current source is basically
stable at a certain value. The control principle of the circuit is
that, because the energy supply is a constant current source,
so long as it has a stable output voltage, the current source
will also have a stable output power. In order to achieve a
stable output voltage, regardless of the load resistance value,
the control circuit and the load should be jointly equivalent
to a fixed and stable resistance value. This means that other
components of the circuit must bear the excess power gener-
ated by the load change.

FIGURE 3. Structural diagram of N-channel enhancement MOSFET.

Before analyzing the operating characteristics of the
circuit, we first introduce the characteristics of the main
components: N-channel enhancement MOSFETs [33].
Figure 3 shows a structural diagram of anN-channel enhance-
ment MOSFET, where S is the source, G is the gate, and D is
the drain.

The working states of an N-channel enhancement MOS-
FET include an unsaturation region and a saturation region,
and the difference between these regions is determined by the
voltage between the drain and the source. The dividing line
between the unsaturation and saturation regions is;

VDSC = VGS − VT (1)

where, VGS is the voltage between the gate and the source,
VT is the turn-on voltage of the MOSFET, and when
VGS > VT , the MOSFET is turned on. When VDS ≥ VDSC ,
the MOSFET is working in the saturation region, while when
VDS < VDSC , the MOSFET is working in the unsaturation
region. In the unsaturation region, the relationship between
the drain-source current IDS , the gate-source voltageVGS , and
the drain-source voltage VDS of the MOSFET is;

IDS = Bo[2(VGS − VT )VDS − V 2
DS ] (2)

where, Bo is only related to the properties of the MOSFET
and does not change with the external voltage VGS and VDS .
In the saturation region, the drain-source current IDS of the

MOSFET is approximately;

IDS = Bo(VGS − VT )2 (3)

According to (3), the IDS is only relevant to VGS in the
saturation region. If we consider the influence of VDS on
the length of the MOSFET drain-source conductive channel,
when VDS increases, IDS will also increase slightly, which can
be expressed as follows, where 0 < λ� 1 [33];

IDS = Bo(VGS − VT )2(1+ λVDS ) (4)
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The output characteristics of the unsaturation and satura-
tion regions of the MOSFET are shown in Figure 4.

FIGURE 4. Output characteristic curves of an N-channel enhancement
MOSFET.

III. ANALYSIS OF THE WORKING PRINCIPLES OF THE
EQUIVALENT LOAD POWER-STABILITY CONTROL CIRCUIT
Because the power supply in Figure 1 is a constant current
source, when 0 ≤ Rload < ∞, if the output voltage of
the constant current source stabilized near a certain value,
the output power of the constant current source stabilized at a
certain value. Therefore, in the subsequent analysis, only the
change of the output voltage of the constant current source
will be considered. For convenience, it is assumed that the
values of the two virtual resistances RE1 and RE2 are;

RE2 =
VZ2 + VT

Iin
RE1 =

VZ1 + VT
Iin

(5)

where, VZ1 and VZ2 are the stabilizing voltage value of Z1 and
Z2, and VZ1 > VZ2, i.e. RE1 > RE2, VT is the turn-on voltage
of M1 and M2, and Iin is the output current of the constant
current source. The working principle of the equivalent load
power-stability control circuit is analyzed in three cases with
different loads. The current shunt of the zener diode branch
is ignored in the analysis.

A. Rload ∈ [0, RE2]
Since the power supply in Figure 1 is a constant current
source, the output voltage Vin of the constant current source
is zero at the initial moment and there is no current in
the circuit. Then the voltage Vin rises, and when it rises to
Vin = VZ2+VT , MOSFETM2 begins to turn on. At this time
VGS2, which is the voltage between the gate and the source of
M2, is;

VGS2 = Vin − VZ2 (6)

WhenM2 is turned on, the drain-source voltage VDS2 is;

VDS2 = Vin − IinRload (7)

Because of Rload ≤ RE2, combining (5) and (7), produces;

VDS2 ≥ VGS2 − VT (8)

Satisfying the condition of VDS ≥ VGS−VT , the MOSFET
M2 works in the saturation region, and the drain-source cur-
rent IDS2 is determined by the voltage VGS2. From (4), IDS2
is;

IDS2 = Bo(VGS2 − VT )2(1+ λVDS2) (9)

If IDS2 < Iin, the constant current source will increase the
output voltage, and the voltage VGS2 will increase accord-
ingly, and eventually IDS2 will continue to increase. When
IDS2 = Iin, the voltage Vin and voltage VGS2 no longer
increase, the circuit reaches a steady state. A small change
of VGS2 in this steady state will cause a large change of IDS2.

In this steady state, the load can be equivalent to be pow-
ered by a constant current source, and the load current is;

Iload = Iin (10)

From (6), it can be seen that the voltage change of VGS2 is
equal to the change of Vin. The voltage VGS2 must satisfy (9)
and IDS2 = Iin. VT and B0 are both fixed values which are
only related to the properties of the MOSFETs. Therefore,
the maximum VGS2 is obtained when VDS2 is the minimum,
and the minimum VGS2 is obtained when VDS2 is the maxi-
mum.

From (7), VDS2 is the minimum when Rload = RE2;

VDS2MIN = VGS2 − VT (11)

Substituting (11) into (9), VGS2MAX can be obtained;

VGS2MAX =

√
Iin

B0[1+ λ(VGS2MAX − VT )]
+ VT (12)

Similarly, from (7), VDS2 is the maximumwhen Rload = 0;

VDS2MAX = Vin (13)

Substituting (13) into (9), VGS2MIN can be obtained as;

VGS2MIN =

√
Iin

B0(1+ λVin)
+ VT (14)

According to (12) and (14), the voltage variation of VGS2
is;

1VGS2 =

√
Iin
B0

(
1

√
1+ λ(VGS2MAX − VT )

−
1

√
1+ λVin

)

<

√
Iin
B0

(1−
1

√
1+ λVin

) <

√
Iin
B0

(15)

Assuming that the output current of the constant current
source is 1A and B0 ≈ 1, then1VGS2 < 1V .1VGS2 = 1Vin
can be determined from (6), therefore, when the load changes
between 0 and RE2 (including a short-circuit fault of the load,
i.e. Rload = 0), 1Vin < 1V . Even if B0 = 0.1, 1Vin is less
than 3.3V.

From (9), when Iin = IDS2 = 1A and B0 ≈ 1, VGS2 ≈ VT .
So the output voltage of the constant current source in this
steady state is,

Vin = VZ2 + VGS2 ≈ VZ2 + VT (16)
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When Rload ∈ [0,RE2], for the constant current source, the
equivalent load resistance Req of this control circuit and load
is;

Req = RE2 (17)

The power consumption borne by theM2 is;

PM2 = VDS2Iin = VinIin − I2inRload (18)

Since VinIin is approximately a fixed value, the smaller the
load resistance is, the greater the power consumption PM2. In
extreme cases, when Rload = 0, the power consumption of
M2 is the largest and PM2MAX is equal to the input power Pin.
Larger power consumption causes the MOSFETs to heat up,
and the increased temperature will reduce the service life of
the MOSFETs. Therefore, in practice, the power consump-
tion of MOSFETs should be reduced as much as possible.

B. Rload ∈ (RE2, RE1)
From (5), when Rload ∈ (RE2,RE1), we can obtain the result
is;

VZ2 + VT < IinRload < VZ1 + VT (19)

It is not difficult to judge that M1 is not yet turned on and
that the output current of the constant current source is still
flowing through M2 at this time. Combining (5) and (7), the
drain-source voltage VDS2 of M2 satisfies;

VDS2 < VGS2 − VT (20)

VDS2 no longer meets the condition VDS ≥ VGS − VT ,
the MOSFET M2 works in the unsaturation region, and IDS2
meets the following conditions;

IDS2 = Bo[2(VGS2 − VT )VDS2 − V 2
DS2] = Iin (21)

Assuming Iin = 1A and B0 ≈ 1, according to (21), VDS2
is very small (usually less than 1V) and the voltage VDS2
is negligible compared with the load voltage, so the output
voltage of the constant current source is;

Vin = IinRload + VDS2 ≈ IinRload (22)

When Rload ∈ (RE2,RE1), according to (19), the change of
constant current source output voltageVin is (VZ2+VT ,VZ1+
VT ), so the change of Vin is;

1Vin = VZ1 − VZ2 (23)

When Rload ∈ (RE2,RE1), for the constant current source,
the equivalent load resistance Req of this control circuit and
load is;

Rload ∈ (RE2,RE1) (24)

The power consumption ofM2 isPM2 = VDS2Iin, andVDS2
is usually less than 1V. Assuming Iin = 1A, we can obtain
PM2 < 1W .

C. Rload ∈ [RE1, ∞]
When Rload ∈ [RE1,∞], if M1 is not turned on, there is a
relationship of IinRload ≥ VZ1 + VT . So, the voltage of the
current source should meet Vin = IinRload + VDS2 > VZ1 +
VT . Therefore, the gate-source voltage VGS1 of M1 is;

VGS1 = Vin − VZ1 > VT (25)

Therefore, when Rload ∈ [RE1,∞], MOSFETM1 is turned
on to shunt the current of the constant current source, and its
drain-source voltage VDS1 is;

VDS1 = Vin (26)

Equation (26) satisfies VDS ≥ VGS − VT , so M1 works
in the saturation region and the gate-source voltage VGS1
determines the drain-source current IDS1 flowing throughM1.
At this time, the current IDS1 satisfies;

IDS1 = Bo(VGS1 − VT )2(1+ λVDS1) (27)

The rise of Vin will cause VGS1 to rise, and a small change
of VGS1 will cause a larger change of IDS1. When the drain-
source current IDS2 of M2 and IDS1 satisfies the following
relationship, the circuit keeps a new steady state.

IDS1 + IDS2 = Iin (28)

In this steady state, the load current is still equal to the
current flowing throughM2. As analyzed in Section 2.2, VDS2
no longer satisfies the condition of VDS = VGS−VT . TheM2
works in the unsaturation region and VDS2 � Vin.

Iload = IDS2 =
Vin − VDS2
Rload

≈
Vin
Rload

(29)

According to VGS1 = Vin − VZ1, the change of VGS1
is equal to Vin. In addition, the maximum and minimum
values of VGS1 and Vin are obtained at the same time. In (27),
VT and B0 are both fixed values which are only related to
the properties of the MOSFETs, and VDS1 = Vin. So the
minimum value of IDS1 is obtained when VGS1 and Vin are the
minimum value, and the maximum value of IDS1 is obtained
when VGS1 and Vin are the maximum value.

When Rload = RE1, IDS2 ≈ Iin. MOSFET M1 is critical
turned on and IDS1 ≈ 0. Substituting IDS1 ≈ 0 into (27),
we can obtain;

VGS1MIN = VT (30)

When Rload = ∞, IDS2 ≈ 0, IDS1 is at maximum, and
IDS1 = Iin. Substituting IDS1 = Iin into (27), we can obtain;

VGS1MAX =

√
Iin

B0(1+ λVin)
+ VT (31)

where, 1 + λVin > 1. We can determine the change of VGS1
from (30) and (31);

1VGS1 =

√
Iin

B0(1+ λVin)
<

√
Iin
B0

(32)
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Similarly, assuming that the output current of the constant
current source is 1A and B0 ≈ 1, the change of VGS1 is
1VGS1 < 1V , therefore VGS1 ≈ VT . When the load changes
between RE1 and ∞ (including an open circuit fault of the
load, i.e. Rload = ∞), 1Vin < 1V because 1VGS1 = 1Vin.
The output voltage of the constant current source in this

steady state is;

Vin = VZ1 + VGS1 ≈ VZ1 + VT (33)

The load can be equivalently powered by a constant voltage
source in this steady state and the voltage of the load is;

Vload = Vin − VDS2 ≈ Vin (34)

When Rload ∈ [RE1,∞], for the constant current source,
the equivalent load resistance Req of this control circuit and
load is;

Req = RE1 (35)

The power consumption ofM2 isPM2 = VDS2Iin, andVDS2
is usually less than 1V. Assuming Iin = 1A, we can obtain
PM2 < 1W .

The power consumption ofM1 in this steady state is;

PM1 = VDS1IDS1 = Vin(Iin −
Vin
Rload

) (36)

Since VinIin is approximately a fixed value, the power con-
sumption ofM1 increases with the increase of load resistance.
In extreme cases, when Rload = ∞, IDS1 = Iin. In this
scenario, the power consumption of M1 is the largest and
PM1MAX is equal to the input power Pin.
In summary,
When Rload ∈ [0,RE2], the load of the power control

circuit is equivalently powered by the constant current source
and Iload = Iin, the output voltage of the constant current
source is Vin = VZ2 + VGS2 ≈ VZ2 + VT ;

When Rload ∈ (RE2,RE1), the load of the power con-
trol circuit is equivalently powered by the constant current
source, and Iload = Iin, the output voltage of the constant
current source is Vin ≈ IinRload with a voltage change of
1Vin = VZ1 − VZ2;
When Rload ∈ [RE1,∞], the load of the power control

circuit is equivalently powered by the constant voltage source,
and Vload = Vin − VDS2 ≈ Vin, the output voltage of the
constant current source is Vin = VZ1 + VGS1 ≈ VZ1 + VT .
The circuit changes theworking state ofM1 andM2 accord-

ing to the change of the load. When Rload ≥ RE1(including
when the load has an open circuit fault), M1 will bear the
excess power of the constant current source generated by
the load change. However, when Rload ≤ RE2(including
when the load has a short circuit fault), M2 will bear the
excess power of the constant current source. The equiv-
alent load is basically unchanged or is changed within a
very small range for the constant current source, the equiv-
alent load Req ∈ (RE2,RE1), which allows the constant
current source to maintain stable output voltage and output
power and improves the reliability of the underwater power

supply system. The output voltage of the constant current
source is Vin ∈ (VZ2 + VT ,VZ1 + VT ). The change of Vin
is 1Vin = VZ1 − VZ2, and is determined by the voltage
regulation value of the zener diodes.

IV. DEFINITION OF THE RATED LOAD AND SELECTION
METHOD FOR THE MAIN COMPONENT PARAMETERS
A. RATED LOAD Re

Under the condition of a given constant current source,
the rated load is the maximum effective load, which should
meet the following requirements: (1) When Rload ≤ Re,
the output current of the circuit remains constant and is equal
to the output current of the constant current source; (2) When
Rload = Re, the insertion loss of the circuit is minimal.

B. SELECTION METHOD OF MAIN COMPONENT
PARAMETERS
1) ZENER DIODES
The difference VZ1−VZ2 of regulated voltage value between
Z1 and Z2 reflects the output voltage change of the constant
current sourcewhen the load resistance changeswithin a large
range. In order to reduce the requirements for components,
generally wemakeVZ1 larger thanVZ2 by 3∼5V.VZ1 andVZ2
are determined by the value of the rated load, and according
to the analysis in Section III, VZ1 and VZ2 should make Re
satisfy the following relationship,

RE2 ≤ Re < RE1 (37)

i.e. VZ1 and VZ2 should satisfy;

VZ2 ≤ IinRe − VT < VZ1 (38)

Generally, we can make VZ2 = IinRe − VT .

2) CURRENT-LIMITING RESISTORS
In order to limit the current flowing through the zener diodes
and ensure that the diodes can work normally, the current-
limiting resistors R1 and R2 are generally selected to
1k� ∼ 10k� to ensure that the current in the zener diodes
branch is low. It can be ignored compared to the MOSFET
branch current.

3) MOSFETS
The MOSFETs M1 and M2 need to bear the excess power
consumption when the load changes. This power consump-
tion causes the MOSFETs to heat up and the temperature
rises. The maximum allowable power dissipation [33] of the
MOSFETs can be expressed as;

PDM =
TJM − TC

RJC
(39)

where, TJM is the rated junction temperature of the MOS-
FET, TC is the case temperature, RJC is the junction-to-
case thermal resistance which characterizes the heat transfer
capacity of the medium, and the unit of RJC is ◦C/W. The
PDM given in the device manual is usually the maximum
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TABLE 1. Measurement data from simulation.

allowable power dissipation when the case temperature is
25◦C. The dissipation capacity of the MOSFET is reduced
when TC > 25◦C. The maximum allowable power dissipa-
tion should meet Pin < PDM and leave some margin, where
Pin = I2inRe. Also, the maximum withstand voltage Vmax
should meet Vmax > VZ1 + VT and the maximum current
Imax should meet Imax > Iin.

V. VERIFICATION AND ANALYSIS OF THE EQUIVALENT
LOAD POWER-STABILITY CONTROL CIRCUIT
A. SIMULATION VERIFICATION AND ANALYSIS
In order to verify the correctness of the theoretical analysis,
the circuit shown in Figure 1 was built in the Saber program
for simulation verification. The specific design parameters
are as follows. MOSFETs M1 and M2 are IRF450 and their
turn-on voltage VT is approximately 4V. The constant current
source output current Iin is 1A. Assuming the rated load Re
is 104�, the regulated voltage value VZ2 of Z2 sets to 100V
and the regulated voltage value VZ1 of Z1 sets to 105V. The
current-limiting resistors R1 and R2 are 10k�. For IRF450,
the rated junction temperature is 150 ◦C, the junction-to-case
thermal resistance is 0.83 ◦C/w, and the maximum allowable
power dissipation is 150W at the case temperature of 25
◦C. The output power of the constant current source meets
Pin < PDM with some margin. Table 1 shows the simulation
data for the changes in load resistance.

When the load resistance value continuously changes from
0 to 200�, the curves of the output current, output voltage,
and constant current source output voltage of the circuit are
as shown in Figure 5.

FIGURE 5. Simulation curves of input and output characteristics with load
resistance continuously changing from 0 to 200 �.

Where, i_Rload , v_Rload and v_in are load current Iload ,
load voltage Vload and output voltage Vin of constant current
source respectively.

Consideration of Figure 4 and Table 1 reveals that when
Rload ≤ Re (including when the load has a short circuit fault),
the load current Iload is kept constant at 1A and the voltage
Vin is maintained at about 104V, which is consistent with
the theoretical value VZ2 + VT = 100V + 4V = 104V .
When Rload > Re and M1 is not yet turned on, the voltage
Vin increases as the load increases. When Rload > Re and
M1 is turned on (including when the load has an open circuit
fault), the voltage Vin and Vload are maintained at about 109V,
consistent with the theoretical value VZ1 + VT = 105V +
4V = 109V . In addition, the current Iload is reduced because
the output current of the constant current source Iin is shunted
by M1.

When the change of load is 0.01 -10M� (including when
the load has an open circuit or short circuit fault), the
change of constant current source output voltage is 5V, which
is consistent with the theoretical value 1Vin = VZ1 −
VZ2 = 105V − 100V = 5V . The simulation results
are highly consistent with the theoretical analysis. When
Rload = 104� = Re, the load power is 103.95W while
the output power of the constant current source is 104.43W,
the insertion loss is 0.48W, and the transmission efficiency is
99.5%.

B. EXPERIMENTAL VERIFICATION AND ANALYSIS
In the theoretical analysis, when Rload ∈ [0,RE2] or
Rload ∈ [RE1,∞], the change of the constant current source
output voltage is less than

√
Iin/B0 (B0 is related to the prop-

erties of the MOSFETs). According to (4), there is a func-
tional relationship between IDS , B0, VGS , and VDS . In order to
obtain the B0 of the IRF450 used in this experiment, the VDS
was set to 10V and 20V in turn while changing the value of
VGS . The current IDS was measured, and then the data fitting
was performed with MATLAB. The experimental and fitting
results are shown in Figure 6.

FIGURE 6. Experimental and fitting curves of MOSFET transfer
characteristics.

According to the fitting results, we can obtain
VT = 3.55V , λ = 0.025, B0 = 0.98, which verifies the
assumptions in the theoretical analysis.
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TABLE 2. Measurement data from experiment.

In order to further verify the practicability of the equiv-
alent load power control circuit, we built a prototype. The
experimental parameters were as follows: MOSFETsM1 and
M2 were IRF450 with a turn-on voltage VT of about 4V; the
output current of the constant current source Iin was 0.5A.
Assuming the rated load Re of the circuit to be 220�, the
regulated voltage valueVZ2 of Z2 was set to 102V and the reg-
ulated voltage value VZ1 of Z1 was set to 107V. The current-
limiting resistors R1 and R2 were 1k�. According to the
previous theoretical analysis, the output power of the constant
current source met the relationship of Pin ≈ Iin(VZ1+VT ) =
55.5W < PDM with some margin. The experimental data is
shown in Table 2.

The curves of the output current, output voltage, and
constant current source output voltage with load resistance
changes are shown in Figure 7.

FIGURE 7. Experimental curves of input and output characteristics with
load resistance changes from 0 to 2000 �.

Where, I_Rload , V_Rload and V_in are load current Iload ,
load voltage Vload and output voltage Vin of constant current
source respectively.

When Rload ≤ Re, the average of the load current Iload was
0.497A, and the error between Iload and theoretical output
current 0.5A was 6%0. The average of the voltage Vin was
109.4V, the theoretical value is VZ2 + VT = 106V , and the
error between Vin and theoretical value was 3.2%0. When
Rload > Re and M1 was not yet turned on, the voltage Vin
increased as the load increased.WhenRload > Re andM1 was
turned on, the average of the voltage Vload was 114.32V and
the average of the voltage Vin was 114.76V. The theoretical
values of Vload and Vin are VZ1 + VT = 111V , and the error
of Vload was 2.99% while the error of Vin was 3.39%.

In the wide range of load resistance from 0.3 to 2000�,
the average change of Vin was 5.36V, which was 7.2% higher
from the theoretical value 1Vin = VZ1 − VZ2 = 5V . The
difference between the maximum and the minimum values of
Vin was 9.7V. The experimental results verify the correctness
of the theoretical analysis. When Rload = 220� = Re,
the load power was 54.20W while the output power of
the constant current source was 55.1W, the insertion loss
was 0.9W, and the transmission efficiency was 98.37%. The
experimental results are not as close to the theoretical values
as the simulation results, because in practice there will be
slight fluctuations in the regulated voltage value of zener
diodes and the turn-on voltage of MOSFETs.

In our prototype system of CUINs, there were 3 events
where the voltage at the node increased rapidly and exceeded
the withstand voltage value of the component due to an open-
circuit fault at the load. The reasons were wrong operation,
damaged submarine cable ground wire and faulty module.
Even more, these caused the device to burn out and all electri-
cal equipment connected to the node to fail. The device before
and after burning is shown in Figure 8.

FIGURE 8. Display diagram of device before and after burning: (a)
Diagram of device before burning; (b) Diagram of device after burning.

In order to avoid the influence on circuit due to fault at
the load, the overvoltage or overcurrent protection is gen-
erally adopted, and the control switch is used to cut off
the power supply of the faulty part. This strategy can only
protect the damaged module from further destruction, and
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cannot ensure the stability of the power supply system. For
this reason, we designed a control circuit and connected it
in series between the constant current power supply and
the load in order to reduce the impact of load changes on
the power supply system. Experimental results show that,
with the same change of load, the addition of this control
circuit can effectively reduce output voltage fluctuation of the
constant current source.

In summary, when Rload ≤ Re, the load on the circuit
is equivalent to what it would be if powered by a constant
current source Iin. When Rload > Re andM1 is turned on, the
load is equivalent to what it would be if powered by a constant
voltage source VZ1 + VT . When the load resistance changed
within a wide range, the output voltage of the constant current
source satisfies Vin ∈ (VZ2+VT ,VZ1+VT ) and the range of
change is1Vin = VZ1−VZ2. The results show that the addi-
tion of this control circuit can effectively reduce output volt-
age fluctuation of the constant current source. The equivalent
load for the constant current source is basically unchanged
or is changed within a very small range (determined by the
difference between the regulated voltage values of the two
zener diodes). This keeps the constant current source output
power stable and improves reliability of the constant current
remote power supply system for CUINs.

VI. CONCLUSION
We propose a novel equivalent load power-stability control
circuit aimed at improving stability of the constant current
remote power supply system for CUINs. After theoretical
analysis, simulation, and experimental verification, we found
that the equivalent load power-stability control circuit design
can enable MOSFETs to change their own working state
according to the change of load and play a role in power
compensation. When load resistance changes within a large
range (including when the load has an open circuit or short
circuit fault), the equivalent load is basically unchanged or
is changed within a very small range for the constant cur-
rent source, which keeps the constant current source output
voltage and output power stable. When the load resistance of
the circuit is the rated load, transmission efficiency is greater
than 98%. The design has strong practicability because it can
reduce the influence of the branch line cable on the trunk
line cable and can improve the reliability of the underwater
constant current remote power supply system as a whole.
Furthermore, the design is conducive to standardization and
serialization of CUINs and opens up the possibility of live
equipment replacement and maintenance for CUINs. The
disadvantage of this design is that when the load changes
within a wide range, the MOSFETs may need to bear larger
power consumption.
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