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Abstract: The deep-sea aquaculture industry will become one of the important pillars of the future
marine economy. However, the application of clean energy in the new scenario needs to be strength-
ened for platform operation. For this kind of renewable-energy distributed-generation system, an
energy storage system is essential. A bidirectional DC-DC converter is essential for distributed power
generation systems. It connects a variety of renewable energy sources with energy storage cells.
A high-gain bidirectional Cuk circuit with zero ripple is proposed in the paper. It is characterized
by a simple structure, zero ripple, low voltage stress of semiconductor power devices, and high
voltage gain. A passivity-based control with linear active disturbance rejection is proposed to solve
the problems of the large steady-state error. The zero steady-state error, strong robustness, and
whole-range stability have been obtained for the proposed control strategy. Finally, a simulation
was carried out. A 100 W, 48 V /400 V prototype was built to verify the validity of the theoretical
analysis for the proposed circuit. The improved passivity-based control strategy was verified to
solve the contradiction between rapidity and overshoot. It can be realized to improve the dynamic
performance of the proposed converter and achieve robust control.

Keywords: deep-sea aquaculture industry; integrated energy system; bidirectional DC-DC Cuk
converter; high voltage gain; switched capacitor cell; passivity-based control; linear active distur-
bance rejection

1. Introduction

The ocean is known as the “blue granary”. Most of the traditional marine fisheries are
extensive aquaculture in bays or shallow beaches. Now, with the rapid development of
marine fisheries, the aquaculture mode has changed from “light blue” to “deep blue” [1].
The profound marine aquaculture industry will become one of the important pillars of the
future marine economy. However, most of the existing deep-water aquaculture platforms
only use fuel engines as energy devices, with high noise, many pollutants, and amplified
harmful gas emissions. Moreover, with the development of the deep-sea and offshore
aquaculture industry, the energy required for platform operation is growing continuously,
and the consumption of traditional fossil energy is huge. The massive use of oil will lead
to marine environmental pollution, restricting its sustainable development [2]. Therefore,
attention should be given to the development and utilization of clean energy such as solar
energy and wind energy. The integrated energy system of an aquaculture platform is subject
to the intermittent strong impact of clean energy, which easily causes untimely energy
regulation and unsafe offshore production. The safe, efficient, and green integrated energy
utilization of aquaculture platforms is facing new theoretical and technical challenges [3].
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The development of distributed power generation systems is a resolution to mitigate
high fossil-fuel dependency, especially in the deep-sea aquaculture industry where the
possibility of grid connection is still uncertain. Most of them are heavily dependent on
transported fossil fuels. Therefore, installing a distributed power generation system for
these aquaculture industries is seen as very promising. The distributed power generation
system and its power conversion are interrelated systems. A suitable power converter
system is designed based on the output voltage or current amplitude at the generator side
and to match the conditions at the load. This process ensures a smooth power transfer from
generator side to the loads. Among them, a bidirectional DC-DC converter is essential for
distributed power-generation systems. It connects the bus terminal with energy storage cells
such as batteries or supercapacitors, and realizes the management and rational utilization
of system energy [4,5].

For renewable-energy power-generation systems on deep-sea aquaculture platforms, a
DC microgrid mode is often used because of its simple structure, no phase synchronization,
reactive power loss, and harmonics [6]. Additionally, the DC bus voltage is usually high.
However, the output voltage of batteries is usually low. An additional battery equalization
circuit is required if the output port voltage is increased by the battery series. It increases
unnecessary costs and reduces system reliability. In addition, the load of the breeding
platform includes the mixer, feeder, household electricity, and so on. These devices start
and stop frequently with different needs in the process of breeding. It causes the power
load to fluctuate constantly. Hence, the bidirectional converters require high voltage gain
and high efficiency. Advanced control strategy is indispensable, which makes the system
maintain stable and fast dynamic response. However, there are few high-gain bidirectional
converters and their advanced control strategies are necessary in the marine field. This
paper is a good supplement to the research gap and needs.

In recent years, to improve the voltage gain and the conversion efficiency of the
converter, some bidirectional high-gain DC-DC converters have been proposed. For
example, [7] proposes a quadratic bidirectional buck/boost circuit with the same gain as
the basic cascade type. However, there are many semiconductor devices in this circuit,
and the voltage stress of semiconductor devices is large on the high-voltage side. As
described in [8], cascading different bidirectional converters by multiplexing the switching
tubes increases the gain and reduces the number of switches, but switching the circuit
causes high voltage stress on the output side. In addition, networks such as switched
capacitors [9], switched inductors [10], coupled inductors [11,12], and Z-sources [13] are
introduced to increase the range in voltage gain for the converter. Among them, a family
of pure switched-capacitor, bidirectional high-gain DC-DC circuits is proposed in [9]. It
can enable higher power density due to the absence of magnetic components. However, its
output voltage can only be an integer multiple of the input voltage, and there is a current
spike on the capacitor. Based on a bidirectional DC-DC circuit, a switching inductor unit is
introduced [10], which limits the current spikes of the pure switched capacitor. However,
the voltage stress of switching is large on the high-voltage side. To increase the voltage
gain, a composite nonisolated, bidirectional buck/boost circuit is proposed by multiplexing
the inductor as the primary winding of the flyback converter [11]. However, the current
waveform of this topology is a square wave on the low-voltage side, and the current
ripple on the low-voltage side is large. Accordingly, the tapped inductor is introduced
into bidirectional quadratic DC-DC converters to improve the converter gain and reduce
the current ripple on the low-voltage side [12], but there is also the problem of the large
voltage stress of the switching on the high-voltage side. In addition, [13] introduces a
Z-source network into the bidirectional buck/boost converter, improving the voltage-gain
range and reliability of the converter. However, it increases the current stress of the main
switch. These studies are mainly concentrated on systems connected to a large power
grid. However, owing to the particularity of the marine environment, current research on
high-gain bidirectional circuits is minimal.



J. Mar. Sci. Eng. 2023, 11,512

30f23

In addition, because load variations and external disturbances are often uncertain and
fluctuating in the marine environment, the traditional control strategy cannot guarantee
the dynamic response of the system over a wide range of input and load variations,
as well as making it difficult to further improve system performance. Passive-based
control was successfully applied to DC-DC converters, as described in [14]. This scheme
is a globally stable control strategy with simple implementation and strong robustness.
However, there are steady-state output errors. The amount of injection damping affects the
effectiveness of the control and there is no single design method for optimal damping. To
analyze the effect of injection damping, the range of injection damping was analyzed and a
genetic algorithm was used to find the optimal injection damping [15], but the calculation
process is complicated. To reduce the steady-state output error, the parasitic resistance
of the device and the on-state voltage drop of the semiconductor device are considered
in the modeling process [16]. However, it is not conducive to real-time control due to its
computational complexity. A novel passive-based control is proposed by combining it with
PI control [17]. Zero steady-state error was achieved by obtaining the current reference
through the voltage outer loop, but there is an irreconcilable conflict between rapidity and
overshoot. In addition, the proposed control strategy described in [18] reduces the jitter
under sliding mode control and suppresses the voltage overshoot under passive-based
control by combining sliding mode control with passive control. However, there are still
steady-state errors, narrow-amplitude vibration, and a large output ripple in this control. A
passivity-based control strategy with a nonlinear disturbance observer is proposed in [19],
where the effects of parameter uncertainty and system disturbances are compensated by
a nonlinear disturbance observer. It reduces the steady-state error under typical passive
control and improves the control robustness of the system, but the implementation of the
existing observer is more complicated. Moreover, IDA-PBC has been proposed in [20]
as a control technique for designing high-performance nonlinear controllers for systems
described by port-Hamiltonian models. This method achieves stabilization by rendering
the system passive with respect to a desired storage function and injecting damping. The
development of IDA-PBC control law via modification in interconnection and damping
matrices for the rectifier is discussed in [21,22].

In the marine environment, the current research on high-gain bidirectional circuits
and their control strategy is minimal. A bidirectional high-gain Cuk converter with zero-
ripple is proposed in this paper. It uses switched-capacitor gain units to increase the
voltage gain range. The EL model of the proposed converter is developed from the global
energy perspective based on the dynamic modeling method. Then, based on this EL model,
passivity-based control with linear active disturbance rejection is proposed to solve the
problem of large steady-state errors that are caused by model errors and disturbances in
the bidirectional high-gain converter using typical passivity-based control. The control
strategy is characterized by strong robustness and global stability. Afterward, the proposed
converter and control strategy are specifically analyzed in the paper, and the voltage
gain relationship, ripple characteristics, and voltage stress characteristics are analyzed in
detail. Finally, the important parameters of the proposed converter and control strategy are
designed and analyzed in this paper. As described herein, a simulation was carried out
and a 100W, 48V /400V prototype was built to verify the validity of the theoretical analysis
of the proposed circuit. The simulation and experimental results show that the proposed
circuit achieves high voltage gain, low voltage stress, and zero ripple. The proposed control
method improves the dynamic performance of the converter and achieves robust control
and zero steady-state error.

The remainder of this paper is organized as follows. Section 2 provides the proposed
converter’s operation process and principle. In Section 3, the improved control strategy is
formulated. The simulation and experimental results are presented in Section 4. Discussion
is provided in Section 5. Finally, Section 6 concludes this paper.
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2. Bidirectional High-Gain Cuk Converter
2.1. Topology of Circuit

By combining basic a bidirectional Cuk circuit with a gain cell, a bidirectional high-
gain Cuk converter with zero ripple is proposed in this paper. The basic bidirectional Cuk
is shown in Figure 1, and the proposed converter is shown in Figure 2. The circuit consists
of V1, V, Ly, Ly, Sp1, Spa, Cp, and the gain network of Co—1, Con, Son—1, and Sy, where the
diodes Dgj, Dgy, Dy, ... , Dy, are parasitic body diodes corresponding to power switching.

1 L+

=V,

Figure 1. Basic bidirectional Cuk converter.

<3 Step-up mode Step-down mode >

Figure 2. A scalable high-gain bidirectional Cuk converter with zero ripple.

2.2. Operating Principle of the Converter

We take the bidirectional high-gain Cuk circuit with a basic gain network as an example
to illustrate the operating principle and operating process for the proposed converter, and
its equivalent circuit in step-up /step-down mode is shown in Figures 3 and 4. The proposed
circuit operates with V as the high-voltage side and V), as the low-voltage side. This circuit
exists in two electrical energy conversion directions, such as step-up direction conversion
and step-down direction conversion. When the converter works in the step-up mode, the
low-voltage side provides energy to the high-voltage side, and Sgp, Dp1, D1, and D, are in
working condition. When the converter works in the step-down mode, the high-voltage side
provides energy to the low-voltage side, and Sgy, S1, Sy, and Dg; are in working condition.

To simplify the analysis, the following assumptions are made: (1) the voltage across
the capacitor is constant at steady state; (2) all devices are ideal devices and the effect of
parasitic parameters is not considered; (3) the circuit operates in CCM mode.
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Step-up mode f:> Step-up mode I::>

Figure 3. The equivalent circuit of the operation modes in step-up mode: (a) Sg, on; (b) Sg; off.
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Figure 4. The operation waveforms of main components in step-up mode.

2.2.1. Step-Up Mode

At steady state, there are two operating stages in one duty cycle. The equivalent circuit
of each switching stage and its main operating waveforms are shown in Figures 3 and 4,
where vgs spy is the drive signal for Sgy. As shown in the figures, ip1, i is the current
flowing through inductor Ly, Ly; ic1, ic2, icp is the current flowing through capacitor Cy, Cy,
CB; isB2, ip1, ip2, ipp1 is the current flowing through Sgy, Dy, Dy, Dpy; and T is a switching
cycle. The operating process of the circuit is as follows.

Mode 1 (t;—t2): The equivalent operating circuit in this stage is shown in Figure 3a.
At the moment of {1, Sgy and D, are turned on, diodes D; and Dg; are turned off. The
low-voltage side charges inductor L;. Capacitor C; and low-voltage side charges C,, and
the low-voltage side, capacitor C;, and capacitor Cp are connected in series to charge
inductor L, and supply the high-voltage side. The inductor current reaches its maximum
value until moment f,. In this mode, the voltage and current of the inductor L; are:

vpi1 =V =V — Ve
. v Dy
ira(t) =L — Lzlillfs 4+ vLLl{lt (1)

. v 1Du
Nipy 1 = "R
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The voltage and current of inductor L; are:

V21 =Ver+Veg— V1

. _ U121 Dup U121

irp 1(t) =1 — 20>/ + 5 t 2)
. vr2 1Dy

Btz 1 = HHp

where I, and I; are the average values of the input current on the low-voltage side and the
output current on the high-voltage side, respectively. V; is the voltage across capacitor Cy,
V2 is the voltage across capacitor Cp, and Vcp is the voltage across capacitor Cg.

Mode 2 (t,—t3): The equivalent operating circuit in this stage is shown in Figure 3b. At
the moment of t5, Sgy and D, are turned off, diodes D; and Dg; are turned on. Inductor L
charges capacitor C;. The low-voltage side and inductor Ly charge Cg. The low-voltage
side, inductor L;, and capacitor C, are connected in series to supply the high-voltage side.
In this mode, the voltage and current of the inductor L; are:

12 =Vo—Veg= -V

. 1-Dy,

1L1_2(t) =D - %Ursp) + ULL#(’f - Dust) 3)
. 1-D,

Aipy 2 = LLLZ& 7 -

The voltage and current of the inductor L, are:

Vpp2=W+Ver+Veg—Vi=Veo +Veg— W1

. 1_DM

i 2(t) = I — LL2'22<szs 2 4 52 (t—DypTy) )
. 1-D,

Aipp » = LLUél 7 .

The inductor current reaches its minimum value until moment ¢3. This stage ends
when the switching Sp; turns on at moment 3.

2.2.2. Step-Down Mode

At steady state, there are two operating stages in one duty cycle. The equivalent circuit
of each switching stage and its main operating waveforms are shown in Figures 5 and 6,
where vgs gp; is the drive signal for Spy, vgs 51 is the drive signal for Sp1, and vgs s is the
drive signal for Sp. As shown in the figures, iy 1, if» is the current flowing through inductor
Ly, Ly; ic1, ico, icp is the current flowing through capacitor Cq, Cy, Cp; ispp, ip1, iD2, iDB1 1S
the current flowing through Sg;, D1, D,, Dg;; and T is a switching cycle. The operating
process of the circuit is as follows.

<:l Step-down mode
W \ \
(& — : i
'; :E:PI ;E__Vl
T |
————— a v
H
i!‘,l_sm
(a) (b)

Figure 5. The equivalent circuit of the operation modes in step-down mode: (a) Sp; S; on, S off;
(b) Sz on, SBl 51 off.



J. Mar. Sci. Eng. 2023, 11,512

7 of 23

Vgs_serf Vgs serA
V V
i I LM L AR g i PLE AR
Vgs_SZ Vgs_SZ
A - A -
. V1o ” @—DipVo >
LA L N 1 Do
N / \/ Vel
> v >
. A Veo v
I2 Iy c2,Vce Dgown
> >
i A I
sB1 2 A
VsB1 | Ve
' Ddown
"\ 1P} »
Is1 2 A A
» Vs1 D, ]
down
Ddo n|2 " >
A 2(1_ C down) V
ISZ —— y A 4
> Vs2 Doiwn
(Z’Dd n)|2 + 2Ddown 1
‘k 2(1’ D own) 2L1 fs ‘ V2'
. A
Ipe2 [ [~ [~ VbB2 Daogun
»
& to t3 t {7} 153 {3

Figure 6. The operation waveforms of main components in step-down mode.

Mode 1 (t;—t2): The equivalent operating circuit in this stage is shown in Figure 5a.
At the moment of ¢;, S; and Dg; are turned on, capacitor C; charges inductor L;. The
high-voltage side V; charges capacitor Cy, L1, Ly and the low-voltage side. Capacitor Cg
supplies the low-voltage side and L;. The inductor current reaches its maximum value
until moment t,. In this mode, the voltage and current of the inductor L; are:

i1 =V =Veg—W2

o D own
i a(t) = I — "y feen + SL Q)

L1 1 Down

A2 = 4

The voltage and current of the inductor L, are:

V21 =Vi— Ve — VB

H D own
ipp1(t) =1 — Lﬁz o SRt (6)

: _ vi21Dy
AlLZ_l — _szsown

Mode 2 (t,—t3): The equivalent operating circuit in this stage is shown in Figure 5b. At
the moment of tp, Sg; and S are turned off, S, and Dg; are turned on. Inductor Ly charges
the low-voltage side. Capacitor C, charges C; and the low-voltage side. The high-voltage

side V1 charges capacitor C;, Cg, and the low-voltage side. In this mode, the voltage and
current of the inductor L, are:

2= —-V2=Vei - Ve

. D

ir 2(t) =L+ % + ULLlfz (t = DaownTs) )
AiLl_Z — ULLZDdown

Lifs
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The voltage and current of the inductor L, are:

v 2 =Vi—(Va+Ver1+ Vo) = Vi — Voo — Ve

; D own
ZLZ_Z(t) = Il + 1@22%72;5 + ULLZE2 (t - DdownTS> (8)
AiLZ_Z — ULZ_E;Zuwn

The inductor current reaches its minimum value until moment ¢3. This stage ends
when the switching Sp; and S; turns on at moment £3.

2.3. Steady-State Characterization
2.3.1. Voltage Gain

1.  Step-up mode
At steady state, the inductance characteristics of the proposed converter satisfy the

volt-second balance relation, and the average value of the intermediate capacitance-voltage
can be obtained from Equations (1) and (3).

— Dw
Va = 1p, V2

Vor = 15— Va
o )
Vep = mvz

Vi=Ver+ Ve = ﬁVz

The voltage gain of the bidirectional high-gain Cuk circuit with the basic gain network
in step-up mode is:
Vi 2

M = — =
" VZ 1- Dup

(10)

Similarly, by analyzing the operating principle of the bidirectional high-gain Cuk
circuit with multigain network, we can obtain the voltage gain in step-up mode as follows.

_E_ 1+n
Vo 1-Dyy

Mup (11)

where 7 is the number of gain cells.
2. Step-down mode

Similarly, by analyzing the operating principle, we can obtain the voltage gain of
bidirectional high-gain Cuk circuit with basic gain network in step-down mode as follows.

E _ D aown
i 2

Maown = (12)
The voltage gain of bidirectional high-gain Cuk circuit with multigain network in

step-down mode:

VZ _ D down

Mdownzvl— 1+n

(13)
2.3.2. Zero Ripple Characteristics
1.  Step-up mode

At steady state, the inductance characteristics of L, in step-up mode satisfy the volt—

second balance relation. It is also known that the voltage across inductor L, in one switching
cycle is the same from Equations (2) and (4). The voltage of L, is:

V21 =92=Voo+Veg—V1

_ 1 2 _ (14)
= 10,2t 10,2~ 10, "2=0
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Therefore, the voltage across the inductor L, is constantly zero, and it is known that
the instantaneous the current of L, is:

i2(t) = h (15)
Therefore, the proposed converter achieves zero current ripple on the high-voltage
side.
2. Step-down mode
Similarly, analyzing the operating principle, the proposed converter achieves zero

current ripple on the high-voltage side.

2.3.3. Voltage Stress of the Power Device
1.  Step-up mode

Analyzing the operation of the converter, the voltage stress of Sg; is:

1 171
=Vep=7—"7—V, = — 16
vsB2_max = VCB = 7 Doy 2~ 2 (16)
The voltage stress of Dy, Dy, and Dg; is:
1 V;
UDl.max = UD2.max = UDBl.max — ﬁVZ = ?l (17)
up

Similarly, at the step-up mode, the voltage stress of all power devices in the bidirec-
tional high-gain Cuk circuit with multigain network is:

V;
USmax = Hiln (18)
2. Step-down mode
The voltage stress of Sy, Sy, and Sg is:
1 V;
US1.max = US2.max = USB1_max — Dd Vo = ?1 (19)
own
The voltage stress of Dy is:
1
vpB2 max = Ve = 55— 12 (20)
down

Similarly, at the step-down mode, the voltage stress of all power devices in the bidirec-
tional high-gain Cuk circuit with multigain network is:

Vi

Ton (21)

US.max =

2.3.4. Characteristic Comparison

The characteristic comparison of the proposed converter with the counterparts is
shown in Table 1. The conventional buck/boost converter can achieve bidirectional power
flows while employing the fewest number of power switches, but the converter’s conver-
sion ratio range is limited. The converter in reference [12] has a high step-up/step-down
conversion ratio, but the voltage stress is high. Compared with the converters in ref-
erence [12], the converter’s voltage stress in reference [23] has been improved, but the
converter’s conversion ratio range is limited. It can be seen that the proposed converter
achieves a high and wide voltage-gain range. The voltage stress is reduced further, and the
ripple is low.
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Table 1. Characteristic comparison of the proposed converter with its main competitors.

Comerter Stresotwitnes  Peney  GUURSY Ns Ripple g e Down

ngiéfﬁgit Vu - simple 2 large ﬁ D
descrbed in (23] Vi Toowy o comple 4 el D
Con(\; (::i;lnl) [24] % - complex 3 low % %

gf,i‘iiifi T VH (10?)1\}3,1%?-@11) complex 4 low = %

3. Passivity-Based Control with LADRC

For the converter shown in Figure 2, the Euler-Lagrange equations are used to build
the EL model of the bidirectional high-gain Cuk circuit [24]. The inductive charge and
capacitive charge in the circuit are chosen as the generalized coordinates g of the proposed
converter. Thus, the kinetic energy K(g, q), potential energy G(q), and dissipation function
W(q) of the circuit are obtained, and the external force F; for each energy component is
obtained. Then, the EL equation of the circuit can be obtained [25]:

s o o (22)
g (P ) — P 4 S0 =

Using the switching function p(t), the EL equation for each stage is obtained as follows.
Dg-x+Jg-x+Rg-x=F (23)

The respective matrices in step-up mode are:

0 0 1 —u® 0 0
o 0 0 -1 -11
| -1 0 0 o0 0 0
Tz = ut) 1.0 0 0 0
0 1 0 0 0 0

0 -1 0 0 0 0 (24)

D = diag[Ly, Lp, C1,Ca,Cp, Cp1]
x = [x1,x2, X3, X4, X5, X6
F=[0,0,~1,u(t),1— p(t),0]"is
Rp = diag[0,0,0,0,0, -]

where i is the input current on the low-voltage side, x; = §;1, X2 = q7,, ¥3 = qc1/C1,
x4 = qc2/Co, X5 = gcp/Cp, and x = o1/ Cor-
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The respective matrices in step-down mode are:

0 0 —1 1—u(t) 0 0
0 o 0 1 10
B 1 0 0 0 00
BB=1 _n-uw) -1 0 0o 0o
0 10 0 00

0 0 0 0 00 (25)

Dg = diag[Ly, Ly, C1,Ca, Cp, Cp2]

x = [x1,x2, X3, X4, X5, Xg]
F=1[0,1,k—[1— p(t)k —pu(OkKTV;
Rp = diag[0,0,0,0,0, -]

3.1. Design of the Passive Controller

Assuming the desired state variable is xy, the system error function is x. = x — xp. To make
it converge quickly to the expectation, the damping factor R, = diag[Rg, Ra, Ra, Ra, Re, 1/Ry] is
introduced. Bringing it into Equation (23), the error equation is obtained as:

Dp-x.+Jp %+ (Rp+Ry) - x = F— (Dp-x0+Jp - x0 + Rp - x0) + Raxe  (26)
Letting Equation (26) equal zero, the passive controller can be obtained as:
F— (Dp-xo+Jp-x0+Rp-x9) + Raxe =0 (27)
Define the switching function of the circuit’s operating mode as:

1 t € when the converter operates in step — up mode

. 2
0 t € when the converter operates in step — down mode @8

o)~ {

Therefore, according to the first line of Equation (27), and combined with Equations

(24) and (25), the passivity-based control law of the bidirectional high-gain Cuk circuit with
basic gain network can be obtained as:

() = 91 - 22 - R 4 1 (] B2 - Rl“)v‘“} 9)

3.2. Design of LADRC

Auto-disturbance rejection control (ADRC) is a control technology that does not rely on
the mathematical model of the controlled object. It can automatically detect and compensate
the internal and external disturbances of the controlled object. The control object can acquire
a good control effect when it encounters uncertain disturbance or parameter changes, and it
has strong adaptability and robustness. However, there are many parameters of ADRC that
have no physical significance. It is difficult to adjust. In view of this situation, linear ADRC
is introduced in this paper, which not only has the advantages of good robustness of ADRC,
but also avoids the disadvantages of many adjustable parameters, difficult adjustment, and
large calculation.

Assuming that the devices of converters are all ideal, the input power of the bidirec-
tional high-gain Cuk circuit with basic gain network is equal to the output power in step-up

mode. d
0 .
(Ttl +i1) (30)

Then, Equation (30) is organized into the standard form of active disturbance rejection
control:

Vo it = Vi - (Cot

doq 1 V. 1 .
— ) .1 i1 =b, - h 1
T v i1+ Cor i1 o - W+ (31)
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where b, = Vo/(C1 V1), w = ijy, h = i1/Cp1.

Since Equation (27) is a first-order equation, the first-order LADRC can be used to
realize the control of voltage. Figure 7 shows the control block diagram of the passivity-
based control with LADRC, where LESO is the first-order linear extended observer. LESO is
used to eliminate unknown items and disturbances in the system. z; and z; are the outputs
of the observer, V1* is reference voltage on the high-voltage side, and i;1* is reference
current of the inductor L1. The corresponding equations are as follows.

z1 = 22 + B1(v1 — z1) + boy
{ 2y = Bo(v1 — 21) (32)

The law of linear feedback control is:

y= )
b (33)
{ ho = kP(Vl* — Zl)

Similarly, the first-order LADRC controller in step-down mode can be obtained. This
is not repeated here, because its form is the same as step-up mode.

<= Step-up mode  Step-down mode C=>

RS

vt R [om
1
> ) c=
X1 1
—rm o = AN T
: Sg1| Ce

H
j Dg1 ,J De2
Voltage sampling circuit ‘ 8 -|- Voltage sampling circuit

_______________ F—-
|
|

. |

Eq.(25) ¢ l
|

|

Isolated driver| |

l

|

Eq.(4) O !
¢=1 !

|

. . |

The control circuit !

|

Figure 7. The passivity-based control with LADRC.

4. Results
4.1. Simulation Results

To verify the effectiveness of the proposed converter in this paper, a simulation model
was built in Matlab/Simulink 2021(b). The simulation model parameters are V, = 48
V(36-60 V); V1 =400 V(300-450 V); P, = 100 W; fs =50 kHz; L1 = 1.2 mH; L, = 1.2 mH;
Cl—C4; CB =20 uF; and C01 =100 uF.

4.1.1. Voltage and Current Waveform of Steady State

At steady state, the output voltage V; is set at 400 V in the step-up mode, and
the voltage and current simulation waveform of the main device is shown in Figure 8§,
where Ugsp 18 the waveform of the drive signal; vsp; is the voltage across Spy; igpy is the
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ir2(A) i1 (A) vep(V) vi(V)  vea(V)

current waveform flowing through Sgy; vc1—vc and vep are the corresponding capacitor
voltage waveforms; and vp;—vp, and vpp; are the corresponding voltage waveforms across
the diode.

20
el U e el [ L
Eﬂ 0
~ 400
400V > o0
=m  aviy 0
200V ’% !
= 2
Nl i
=400
T N e Y azoo
0.44A § o | [Ja00v | | L] L
= 2
<
0.25A = (l) [ tnafl ] M ]
T T T T T _9 [ T T T T T T T ]
i(10us/div) i(10ps/div)
(a) (b)
’; 20
= 10 L 0.76 J u L
=0
Z 0
z°, u 2oovﬂ_| |_| |_
;400
< 200
F el [T
—~ 200
Z_/ 100 152V
B
§400 200V
= 200
é-) 0 T T T T T T T T 1
/(10us/div)
(©)

Figure 8. The steady waveforms in step-up mode (V7 = 48 V): (a) vgs1, v1, UcB, iL1, iL2; (b) Ugs1, UsB1,
isB1, VDB2, IDB2; (€) Vgs1, Us1, Us2, UC1 UC2-

The output voltage V; is set at 48 V in the step-down mode, and the voltage and
current simulation waveform of the main device are shown in Figure 9, where vgs; and
Ugsp are the waveforms of the drive signal; vgp; is the voltage across Sgy; isp; is the current
waveform flowing through Sg;; vc1—vcy and vep are the corresponding capacitor voltage
waveforms; vg1-vg; is the voltage waveform of Sq, Sp; and vpg; is the voltage waveform
of DBZ-

With the above analysis, it can be seen that the simulation waveforms are consistent
with the theoretical analysis, and the voltage stress of its semiconductor device is half of
the voltage on the high-voltage side.
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Figure 9. The steady waveforms in step-down mode (V1 =400 V): (a) vgs1, Ugs2, U2, Ucp, iL1, iL2)
(b) Vgs1, Vgsa, UsB1, isB1, UDB2, iDB2; (€) Vgs1, Vgs2, Us1, Us2,UC1 UC2-

4.1.2. Ripple Characteristics

In step-up mode, the simulation waveforms iy 1 and i, of inductors L; and L, with
different input voltages and different numbers of gain cells are shown in Figure 10. In
step-down mode, these waveforms are shown in Figure 11. It is seen that the current
waveform of if is a straight line, after adding the gain unit. It achieves zero current ripple
on the high-voltage side.

~ 20 —~ 20
>
E_« 10 0.82 < 0 0.76
;ED 0 L |- L L >CD 0 - — Ll | —
4 3
—~ ~~
T — N
L3I L—mE—— < 0.44A
= <
026 026
~~ o~
< —O03BA Zz 025A
.g 0'24| T T T T T T 1 lg 0'24| T T T T T T T
#(10ps/div) #(10us/div)
(a) (b)

Figure 10. The stable simulation waveforms of i1, 715 in step-up mode: (a) V, =36 V; (b) V, =48 V.
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Figure 11. The stable simulation waveforms of i1 1, it in step-down mode: (a) V1 =400 V; (b) V1 =

450 V.

4.1.3. Dynamic Characteristics

To verify the effectiveness of the proposed control strategy, the simulation of the
passivity-based control with LADRC is carried out in this paper, and it is compared with
the typical passivity-based control and the passivity-based control with PI.

In step-up mode, the variation in v; during the load step at V, = 48 V is shown in
Figure 12. In step-down mode, the variation in v, during the load step at V; = 400 V is
shown in Figure 13.

From Figures 12 and 13, it can be seen that when the power supply or load fluctuates,
the output voltage of PBC has steady-state error, and the other two control output voltages
have no error. In addition, when the power supply or load fluctuates, the output voltage
overshoot of PBC is the largest, followed by PBC with P, and the proposed control strategy
is the smallest. Similarly, PBC control recovery time is the longest, followed by PBC with
PI, and the proposed control strategy is the smallest.

04
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396 :
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2o ISk—l—\—
o |
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Figure 12. The dynamic waveforms of v; when i1 changes in step-up mode: (a) PBC; (b) PBC with PI;

(c) PBC with LADRC.
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Figure 13. The dynamic waveforms of v, when i, changes in step-down mode: (a) PBC; (b) PBC with
PT; (c) PBC with LADRC.

4.2. Experimental Results

A 100 W 48 V /400 V prototype was built to verify the validity of the theoretical
analysis of the proposed converter. The prototype of the proposed converter is shown in
Figure 14; the parameters of the experimental prototype are shown in Table 2.

Controller
(DSP2812)

Driver
cirauit

1

Driver mpl .
circuit cnrcult

Voltage
sampling circuit§
= ———mmTr

Figure 14. Prototype of the proposed converter.

Table 2. Parameters of an experimental prototype.

Parameters Value Parameters Value
Py /W 100 C1-Cy 20uF/630 V
Vi/V 400 (300-450) Cg 20uF/630 V
Vo/V 48 (36-60) Co1 100 uF/450 V
Ly /mH 1.2 Co2 100 uF/160 V
L2 /mH 1.2 SBl_SBZ SVDI12N65T

fs/kHz 50 $1-S, FCP099N6553
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4.2.1. Voltage and Current Waveform of Steady State

At V, =48 V and P, = 100 W, the steady-state waveform of the prototype in step-
up mode is shown in Figure 15, where vsp; is the voltage across Spy; ispy is the current
waveform flowing through Sgy; vc1—vcy and vcp are the corresponding capacitor voltage
waveforms; vp1—vpp and vpp; are the corresponding voltage waveforms across the diode;
and i;1 and ip are the current waveforms flowing through L and L,.
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Figure 15. The steady waveforms of the proposed converter in step-up mode: (a) vy, v¢c1, U2, UcB;

(b) vo, YD1, Up2, UDB1; (€) Vgs2, Uspa, isp2; (d) Vgs2, iL1, iL2-

At V; =400V and P, = 100 W, the steady-state waveform of the prototype in step-
down mode is shown in Figure 16, where v, is the output voltage; vy and vgg, are the
waveforms of the drive signal; vgp; is the voltage across Sgy; isp; is the current waveform
flowing through Sp1; vc1—vc2 and vcp are the corresponding capacitor voltage waveforms;
vs1—Usy is the corresponding voltage waveform across the switching, and vpg; is the voltage
waveform across Dpy; and 71 1 and i1 ; are the current waveforms flowing through L and L,.

As can be seen from Figure 15, the duty cycle of Sg; under the step-up mode is 0.76,
and the output is stabilized to 399.7 V. The voltage stress of Sp; is 223 V, and the voltage
stress of diodes Dy, Dy, and Dg; are 202, 202, and 211 V. Similarly, the duty cycle of Sg;
under the step-down mode is 0.24, and the output is stabilized to 48.2 V, as shown in
Figure 16. The corresponding voltage stresses of S, Sy, and Sp; are 208, 208, and 213 V, and
the voltage stress of Dp; is 212 V.
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Figure 16. The steady waveforms of the proposed converter in step-down mode: (a) vo, vc1, Vc2, UcBs
(b) vo, vs1, Vs2, VDB2; (€) Vgs1, Vgs2, UsB1, isB1; (d) Vgs1, Vgs2, i1, iL2-

4.2.2. Ripple Characteristics

In step-up mode, the stable experimental waveforms i1 and i;, of inductors L; and
L, with different input voltages and different number of gain cells are shown in Figure 17.
In step-down mode, these waveforms are shown in Figure 18. It is seen that the current
waveform of i1 is a straight line, after adding the gain unit. It achieves zero current ripple

on the high-voltage side.
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Figure 17. The stable experimental waveforms of iy 1, i in step-up mode: (a) V, =36 V; (b) V, =48 V.
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Figure 18. The stable experimental waveforms of ir 1, ir » in step-down mode: (a) V; =400 V; (b) V; =

450 V.

4.2.3. Efficiency Characteristics

The efficiency curves of the prototype operating in both directions are shown in
Figure 19, where the horizontal coordinate is the output power P, and the vertical coor-
dinate is the efficiency #. As the number of cells increases, the efficiency of the proposed
converter is higher.
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Figure 19. The efficiency curve of the prototype: (a) step-up mode; (b) step-down mode.

It can be seen from Figure 19 that the efficiency of the two units is the highest. Although
the period increases with the increase in the number of units, the stress of the switch tube
decreases significantly, and the total loss decreases.

4.2.4. Dynamic Characteristics

When v, jumps between 36 and 60 V, the dynamic response waveforms in step-up
mode are shown in Figure 20. When v; varies in the ranges 3648 V and 3660 V, the data
for dynamic performance are shown in Table 3.

Table 3. The dynamic performance comparison during the v, step in step-up mode.

PBC PBC with PI PBC with LADRC

Input Overshoot Re(“:overy Overshoot Input Overshoot Rec.overy
voltage time voltage time
36-48 V 6.83V 120 ms 475V 86 ms 437V 19 ms
48-36 V —4.1V 154 ms —-194V 80 ms —-1.38V 40 ms
36-60 V 9.5V 192 ms 57V 98 ms 474V 46 ms

60-36 V —5.5V 213 ms —214V 103 ms —-1.79V 89 ms
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Figure 20. The dynamic response during v, step in step-up mode (36-60 V): (a) PBC; (b) PBC with PI;
(c) PBC with LADRC.
When 7; jumps between 0.08 and 0.25, the data for dynamic performance are shown in
Table 4.

Table 4. The dynamic performance comparison during the v, step in step-up mode.

PBC PBC with PI PBC with LADRC
Input Overshoot Regovery Overshoot Input Overshoot Rec'overy
voltage time voltage time
0.12-0.25 A —231V 39 ms —2.34V 87 ms —1.04V 19 ms
0.25-0.12 A 21V 53 ms 241V 83 ms 073V 23 ms
0.08-0.25 A -394V 78 ms -4V 98 ms —-1.21V 63 ms
0.25-0.08 A 3.69V 84 ms 3.65V 104 ms 094V 72 ms

When v1 jumps between 300 and 400 V, the dynamic response waveforms in step-down
mode are shown in Figure 21. When v; varies in the ranges 300400 and 400-450 V, the
data for dynamic performance are shown in Table 5.

Table 5. The dynamic performance comparison during the v, step in step-down mode.

PBC PBC with PI PBC with LADRC
Input Overshoot Re(“:overy Overshoot Rec.overy Overshoot Rec.overy
voltage time time time
300400 V 211V 83 ms 223V 56 ms 0.56 V 39 ms
400-300 V —1.07V 108 ms —-094V 85 ms —043V 66 ms
400450 V 211V 83 ms 223V 56 ms 0.56 V 39 ms

450-400 V -1.07V 108 ms —094V 85 ms —-043V 66 ms
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Figure 21. The dynamic response during v; step in step-down mode (300400 V): (a) PBC; (b) PBC
with PL (c) PBC with LADRC.

For the changes in input voltage and output load, it can be seen from Figures 20 and 21
that the circuit has less voltage overshoot and shorter recovery time when applying the
proposed control strategy described herein. Additionally, the proposed control strategy
described in this paper demonstrates better performance in the dynamic process and
achieves zero steady-state error.

When 7, jumps between 0.63 and 2.08 A, the data for dynamic performance are shown
in Table 6.

Table 6. The dynamic performance comparison during i, step in step-down mode.

PBC PBC with PI PBC with LADRC
Input Overshoot Recpvery Overshoot Input Overshoot Rec'overy
voltage time voltage time
1.04-2.08 A —-093V 58 ms —1.05V 37 ms —-024V 26 ms
2.08-1.04 A 0.72V 66 ms 1V 34 ms 031V 29 ms
0.63-2.08 A —217V 75 ms —2.08V 54 ms —0.62V 38 ms
2.08-0.63 A 232V 87 ms 1.81V 53 ms 0.7V 42 ms

5. Discussion

In this paper, progress is made in two aspects. First, a novel bidirectional converter
topology is proposed. It has high voltage gain and low ripple. Compared with results
reported in [23], it has higher efficiency. These advantages make it more suitable for
application in a marine environment. Secondly, the proposed control strategy has strong
adaptability and robustness. Compared with PBC or PBC with P, it has better dynamic
performance. It is very suitable for a marine environment because power supply or load is
prone to large-range fluctuations. This paper achieves some results, but some aspects need
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further improvement: (1) Combine PBC with some intelligent optimization algorithms,
such as neural network algorithm and genetic algorithm, to further improve the steady-
state accuracy and dynamic performance of the control system. (2) Carry out engineering
research for marine environment applications, such as waterproofing and anticorrosion. (3)
Verifying the validity of bidirectional converter topology and its control strategy will be
mainly completed in the laboratory. As a future research direction, we intend to direct this
study to a practical case either carried out in situ or at one of the locations in the study:.

6. Conclusions

Most deep-sea aquaculture industries heavily depend on transported fossil fuels. Thus,
installing a distributed power generation system for these aquaculture industries is seen
as very promising. A bidirectional DC-DC converter is essential for distributed power
generation systems. It connects a variety of renewable energy sources with energy storage
cells, and the DC bus voltage is usually high. The output voltage of batteries is usually
low. Therefore, the high efficiency, low ripple, high voltage gain topology and its control
robustness and stability of the converters will be the development trend, when it works in a
marine environment. Thus, the zero-ripple bidirectional high-gain Cuk circuit proposed in
the paper improves the voltage gain capability of the circuit by incorporating an extended
switched-capacitor gain cell. This converter is characterized by simple structure, zero
ripple, and low voltage stress of semiconductor power devices, and high voltage gain in
both step-down and step-up modes. At the same time, passivity-based control with linear
active disturbance rejection is proposed. This control strategy ensures that the system is
stable when the power supply end or load end fluctuates in a large range. Additionally,
it solves the problem of large steady-state errors that are caused by model errors and
disturbances in the bidirectional high-gain converter that uses typical passivity-based
control. The proposed control strategy solves the contradiction between rapidity and
overshoot, which avoids the side effects of integral feedback. Compared with the PBC
and PBC with PI, the proposed control strategy has better dynamic performance, such as
smaller voltage overshoot and shorter recovery time. The simulation was carried out and
a 100 W, 48 V/400 V prototype was built. The simulation and experimental results verify
the validity of the theoretical analysis of the proposed circuit. The results show that the
proposed control strategy has excellent control performance.
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