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Aiming at the solid oxide fuel cell (SOFC) applied to the ship DC microgrid in the
face of pulse load disturbance is prone to make the SOFC voltage drop too large
leading to the DC grid oscillation problem. In this paper, a stability criterion
method for SOFC-Li battery DC system based on hybrid potential function is
proposed. Firstly, a mathematical model of shipboard DC microgrid with SOFC-Li
battery is established and the accuracy of the model is verified. Then, the stability
criterion of the system based on the hybrid potential function under large
disturbances is constructed. Subsequently, the effects of system stability
under impulse load conditions were analysed under different parameters.
Based on the constructed criterion, simulation verification of the stability
boundary conditions of the SOFC system operating independently or jointly
with a lithium battery system is carried out. The experimental results show
that the proposed stability criterion and control strategy are effective in
accurately predicting the system stability boundary. The experimental results
verify the effectiveness of the proposed method in improving the stability of the
system and provide a theoretical basis for further research on the dynamic
characteristics of SOFC systems under complex load conditions.

KEYWORDS

SOFC mathematical model, dual closed-loop control, DC microgrid, mixed potential
functions, large-signal stability criterion

1 Introduction

The Earth is currently experiencing natural disasters as a consequence of global warming,
with greenhouse gas emissions increasing annually. The promotion of the green and low-
carbon transformation of energy will propel the world’s renewable energy sector into a new
phase of development. Accelerating the application of hydrogen energy and fuel cell
technology on ships Fuel cells can effectively reduce greenhouse gas emissions, alleviate
marine pollution caused by diesel generator leakage, and increase the proportion of green
hydrogen energy used in the transport sector (Ali et al, 2021). Although there are many
studies that make important contributions to diesel generator performance, fuel and
emissions, (Chen et al, 2015; Chen et al, 2022; Wang et al, 2022), fuel cell power
generation technology has a high application value in ships as a future energy source.
According to the literature, fuel cells can be classified into direct, indirect and regenerative
types according to the fuel type, and alkaline fuel cells, phosphoric acid fuel cells, molten
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carbonate fuel cells, solid oxide fuel cells (SOFC) and proton exchange
membrane fuel cells according to the electrolyte type (EG and G
Technical Services, 2004). Literature studies (Steele and Heinzel, 2001;
Ding et al., 2021) have shown that SOFCs offer greater fuel flexibility
as high temperature fuel cells. In addition, according to the literature
(Duong et al., 2022), SOFCs offer higher value and efficiency as small-
signal distributed generation systems. Literature (Zhu and Tomsovic,
2002) proposes to model the performance analysis of microturbine
and fuel cell load following capability using an embedded power
distribution system for a microturbine power plant and an integrated
fuel cell power plant as an example. The control strategy and load
following service of this distribution system were simulated to
demonstrate that the micro gas turbine and fuel cell can track the
load changes and thus significantly improve their economic value.
Therefore, the application of SOFC in ships is promising.

Microgrids consist of multiple renewable energy systems,
energy storage systems and various loads (Du et al., 2013;
Shekhar et al., 2017; Zhou et al., 2020a; Zhou et al., 2020b).
They operate flexibly and are highly reliable, making them one
of the most effective ways to integrate renewable energy. Among
them, DC microgrids have been widely studied due to their high
efficiency, simple control structure, and the absence of phase and
reactive power problems associated with AC systems (Liu and
Bian, 2017). Therefore, DC microgrids have been successfully
applied in various fields such as electric ships, electric vehicles,
aircraft, data centres, etc (Hayashi et al., 2015; Buticchi et al., 2017;
Chub et al., 2018; Zhao et al., 2018)

In practical applications, DC microgrids are susceptible to large-
signal disturbances such as impulsive loads, large load variations or
severe grid faults, especially in shipboard DC microgrids. These large-
signal disturbances can cause transient responses that do not reach a
steady state, highlighting the nonlinearity of the system (IKwasinski
and Onwuchekwa, 2011). Under large disturbances, the nonlinearity
of the power electronic systems in DC microgrids may lead to system
collapse, requiring appropriate control strategies. Therefore, in order
to guide the formulation of control strategies, it is necessary to analyse
the large signal stability of the system and to quantitatively investigate
the influence of system and control parameters on the stability.

The Brayton-Moser mixed-potential theory is an effective tool for
analysing the large-signal stability of nonlinear systems and can derive
analytical stability criteria for nonlinear systems (Brayton and Moser,
1964). A mathematical model based on mixed potential function
theory is established for a constant power load (CPL) system with a
two-stage LC filter, and stability criteria for the system under large
disturbances are derived. Constraints on the parameters of the filter
components are given. However, the case where the DC power source
is the source converter has not been considered (Liu and Zhou, 2011).
Stability analysis under large disturbances was carried out in a DC
system with an 18-pulse rectifier, but the influence of control
parameters was not considered (Griffo and Wang, 2012). Stability
criteria for the large signal stability of a BUCK/BOOST converter with
a CPL load were derived using mixed potential theory and the effect of
controller parameters on stability was analysed (Huang et al,, 2017). A
method of deriving stability criteria suitable for droop control systems
was proposed based on the proportion of output power from multiple
sources, and the stability limit of the droop coefficient under multiple
sources was analysed (Li et al., 2018). However, none of the above
literature provided analytical stability criteria, and their guidance for
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system parameter design was relatively weak. They did not consider
BOOST converters when all the converters on the power source side
were BUCK converters, and they also did not consider the influence of
the power source characteristics.

The application of the hybrid potential function in current
research scenarios rarely focuses on the Boost converter in power
source-side systems, especially concerning SOFC systems. There is a
lack of consideration for power source characteristics and the
derivation method for the transition from the power source side to
the output side of the Boost converter, which hinders the analysis of
system stability under large disturbances. Therefore, it is crucial to
consider the power source characteristics and study the Boost
converter on the power source side. To improve the accuracy of
the derived criteria, the hybrid potential function containing both
power source and converter parameters needs to be verified. This will
effectively prevent errors or simulation failures due to the complexity
of the criteria. In summary, this paper derives stability criteria for large
disturbances based on the characteristics of the SOFC system and
conducts MATLAB/Simulink simulations to verify the proposed
method and the accuracy of the derived stability criteria. Finally,
system parameters are adjusted to meet the requirements of the
(IACS)
“Electrical and Electronic Installations” for DC power systems.

International Association of Classification Societies

2 SOFC mathematical model

The dynamic model of the SOFC system is shown in Figure 1.
Starting from the fuel input, the dynamic structural system of the
SOFC is modelled by several inertial elements that are used to
simulate the phases of the fuel cell system such as the measurement
link, the fuel valve control function, the fuel handling delay, and the
electrochemical dynamic link (Padullés et al., 2000). In Figure 1, Prc
represents the rated power, I;fcf and Ipc represent the reference
input current and the actual input current, respectively, rr_o
represents the hydrogen-oxygen ratio, U,y represents the
optimal fuel utilization, d; represents the duty cycle of the Boost
converter and g5 in represent the input oxygen flow rate.

The open-circuit voltage (OCV) of a series-connected SOFC
unit and the Nernst voltage can be expressed as (Blomen and
Mugerwa, 1993; Mohan et al., 1993):

RT 0.5
Ecell = NO[EO,cell+_<ln M)] (1)
2F szo

Where, Ej.n consists of a constant term and a temperature
correlation (Eg e = Eg — kg (T —298)); R is the gas constant; T'is the
reactor operating temperature(K); F is Faraday constant; Py, Po,,
P10 the pressure of hydrogen, oxygen and water in the fuel cell stack.

The formula for the partial pressure of hydrogen, oxygen and

water is:

I/KHZ in T

P, (s) = T47s —_ (‘1H2 - 2KrIFc)
I/KOZ in T

1 Po,(s) = 1+ 7o, (qoz _KrIFc) )
I/KHzo
=———2"2K,I"
Pmo(s) =7 s Tk
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FIGURE 1
Dynamic model of SOFC.

Where, K, = N/(4F) is a constant, Ky,0, Ko, , Kp,, Are the
molar constants of water, oxygen and hydrogen respectively, 7p,,
70,» TH,0 are response times for hydrogen, oxygen, and water flow.

The ohmic voltage can be expressed as:

Eopm = IrcRomm (3)

Where, Ipc represents the operating current of the SOFC
reactor, and R, represents the ohmic losses of the fuel cell.

Applying Nernst equation and Ohm’s law to consider Ohm loss,
the voltage of a solid fuel cell can be expressed as:

Upc = Ecell - thm (4)

Where, Urc represents the cell output voltage of the SOFC.

The role of the fuel utilization control system is to ensure that
the fuel cell operates within a safe and reliable range by
controlling the rate of fuel intake. In the model, the ratio of
molar flow rates of hydrogen to oxygen is defined. The
stoichiometric ratio of the complete reaction between
hydrogen and oxygen is 2:1. To ensure complete reaction
between oxygen and hydrogen while keeping the pressure
difference between the anode and cathode below a certain
threshold, an excess of oxygen needs to be provided.

The formula for optimal fuel cell utilization is:
- O MWelro ©)

qm, qm,
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Electrical component

Where, g7 and g, represent the flow rate (mol/s) of hydrogen
intake and reaction amount respectively.

Insufficiently used fuel, the current of the fuel cell must not fall
below the minimum stack current (the cell voltage will rise rapidly).
Excessively used fuel, the current of the fuel cell must not exceed the
maximum stack current (fuel shortage will cause permanent damage
to the cell). Under normal circumstances, the utilization rate is set at
80%-90%, from which Eq. 6 can be derived as a safe operating range
for the battery current.

0.84y;,
2K,

0.9q7;,

<Ipc<
FC 2K,

(6)

As shown in Figure 1. Specifically, the SOFC must operate
within its rated power range and must be maintained within the
range described earlier. Moreover, in practical applications, it must
be constrained within a certain range to meet the voltage
specifications of the load.

By applying the Nernst equation, based on Eqs 1, 2, 5, the
following steady-state:

RT
B = Nof B + o [ 1n (Kiso/ Kis) (Ko (ris-0Ko,))”

)
+0.5In (Ipc (L/u—1)* (2/u - rH_o))]}

Finally, Substituting Eq. 4 based on Eqs 3 and 7 gives the output
voltage of SOFC as:
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Upc = No{Eo,ceu + g [ In ( (Kmo/Km,) (K] (rH_oKoz))O'S)
(8)
+ O.SIH(IFC (l/u - 1)2 (2/1/! - T’H_o))] } — Ipcr

Eq. 10 represents the output voltage of SOFC during
steady-state operation. Its operating parameters are shown
in Table 1.

3 Mathematical model of ship
DC microgrid

The mathematical model of the shipboard DC microgrid studied
in this paper is shown in Figure 2, which consists of the following
components:

1) Solid oxide fuel cell (SOFC) and lithium battery energy
storage units are connected to the DC bus through DC-DC
converters.

2) Loads are connected to the DC bus through closed-loop DC-
DC (DC-AC) converters, with external characteristics as
constant power loads.

3) The shipboard DC microgrid has relatively short lines, and line
impedance is not considered.

The simplified cascaded converter system of the shipboard DC
microgrid includes two source converters, one load converter, and
one propulsion motor inverter. According to the state-space
averaging modeling method, the dynamic representations of the
source converter is as follows:

di .
LFC% = upc — Recipe — (1 = dy)uge
t
dug, . .
G dd = (1 - dy)irc — ircpe
t
1. ai ©)
LB?f = up — Rpip — (1 - dy)ug,
dug, .
C, d: = (1—dy)ig—i

Where, ch, Rpc, C1 > UFC, ipc s ipcpc, Udc and d1 are the
inductance, resistance, capacitance, input voltage, input current,
output current, output voltage, and duty cycle of the Boost converter,
respectively. Lg, Rg, C, up, ip, igpc, Ude and d are the inductance,
resistance, input voltage, input current, output current, output voltage,
and duty cycle of the bidirectional DC-DC converter, respectively.

As shown in Figure 3, a two-loop control strategy is used to
regulate the DC bus voltage and current, using proportional-integral
(PI) controllers.

The transfer function representations of the current loop and
voltage loop are expressed as G (s) = kip + kiils,
G, (s) = kyp + kyi/s. Therefore, the corresponding control loop

follows:

expressions are:

i;eéf = kSVP(“;if - udc) + ksz‘ J(u;if - Mdc)dt

(10)
d, = ks,-p(i;ecf - ipc) + ki j(’;ecf - ti)df
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TABLE 1 SOFC system model parameters.

Parameter Name Value
F Faraday’s constant 96,487 C/mol
T Absolute temperature 1273 K
R Gas constant 8314 J/(kmol-K)
Eocent Reference potential 1.18 V
Ny Number of cells in the battery stack 384
Ku, Molar constant for hydrogen 8.43*10™* kmol/
(s-atm)
K0 Molar constant for water 2.81%10~* kmol/
(s-atm)
Ko, Molar constant for oxygen 2.52*10 kmol/
(s-atm)
T. Electrical response time 0.8 s
Ty Fuel processing machine response 5s
time
TH_O Ratio of hydrogen to oxygen 1.145
Uopt Optimal fuel utilization 0.85

i;ef = kap(M;eCf - udc) + ki J'(”:lif ~ Ude )dt

11
dy = keip(iy" — ig) + kg J(il’;f —ip)dt -
Where, kg, ksip are the proportion and integral coefficient of
the voltage outer loop of SOFC converter; kp,,, kpip are the
proportion and integral coefficient of the inner current loop of
the lithium battery converter; i;gcf, u}fcf is given values of current and
voltage loops of boost converter, i;ef , u;ef is given values of current
and voltage loops for bi-directional DC-DC converters.
For BUCK converters and DC/AC inverters with voltage closed-
loop control, the output dynamic characteristics can be equivalent to
constant power load, and the external negative impedance

characteristics are shown, and the voltage and current
relationship is as follows:
. Pp
i3 = —
Ug
‘ (12)
. _ Py
iy = —
Udc

Where, i3 and Py are the input current and power of the
propulsion constant power load, and iy and Py, are the input
current and power of the propulsion motor, respectively.

4 Stability criterion based on mixed
potential function theory

4.1 Introduction to hybrid potential
function theory

The hybrid potential function is a special form of the Lyapunov
function first proposed by R. K. Brayton and J. K. Moser for its
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Topological structure of shipboard DC microgrid.
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G(s)

application in nonlinear circuits (Brayton and Moser, 1964). In this
paper, the hybrid potential function theory is applied to study the
stability of constant power load systems under large disturbances,
which is particularly suitable for analysing the stability of circuits
containing negative impedance elements (Jeltsema and Scherpen,
2009). The hybrid potential function includes the voltage potential
function and the current potential function (Weiss et al., 1998). The
application of the hybrid potential function method involves
two steps:

(1) Construct the hybrid potential function model of the system;
(2) Based on the characteristics of the model, apply the
corresponding stability theorem to obtain stability criteria
under large disturbances. The hybrid potential function
model P can be constructed directly based on resistors,
capacitors and inductors in nonlinear circuits. If iy,...,i,
epresent the currents flowing through the rth inductor, and
Vrils- .. Vres Tepresent the voltages across s capacitors, and
the voltages and currents of the remaining non-energy-
storing elements are denoted by V, and i, respectively,

then P can be defined as:

r+s

P:P(i,v):J Y vdiy+ Y v,

>r+s o=r+1
“

(13)
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In Eq. 13, the first term on the right-hand side represents the
current function of all non-energy-storing branches in the circuit,
and the second term represents the sum of the energies of all
capacitive branches in the circuit. Here i, is the current through
the inductor and v, is the voltage across the capacitor.

According to Kirchhoff’s law, the differential equations of the
nonlinear circuit can be expressed as follows:

ﬂ _0P(i,v)
at i,
(14)
_Cdvo _OP(i,v)
dt v,

Based on the above analysis, the unified form of the hybrid
potential function can be obtained as follows:

P(i,v) = —A(i) + B(v) + D(i,v) (15)

Where, A (i) represents the current potential function of the
non-energy storage elements in the circuit; B(v) represents
the voltage potential function of the non-energy storage
elements in the circuit; D (i, v) = i’ pv represents the energy of
the capacitors and some non-energy storage elements in the
circuit, where y is a constant coefficient matrix related to the
circuit topology.
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The theory of mixed potential functions has three stability
theorems. In this article, the third stability theorem is adopted to
analyse the stability of the system under large disturbances. To
facilitate the application of the third stability theorem of the mixed
potential function theory, the stability criterion is reformulated
as follows:

0P (i,v)
o
_OP(i,v)
YT v
0’ A(i) (1o
Ai(f) = —75—
@) 0i*
9°B(v)
B (1) =
i () = =35
Let p, be the minimum eigenvalue of the matrix

/2), and let y, be the minimum eigenvalue of the
B,, (v)C cv . Here, L is a diagonal matrix composed
of all the inductances in the circuit, and C is a diagonal matrix
composed of all the capacitances in the circuit. Specifically, if the
circuit contains inductances Ly, L,,..., L, then L=
diag(Ly, Ly, ..., Ly).

The reconstructed hybrid potential function is as follows:

P*(i,v) = (%)P(z’, V) + % (P,L7'P) + % (P,,L™'P,) = 0o
(17)

If for any i and v in the system y,; + u, >0, when [i| + |v| — oo,
P*(i,v) — 0o, which means that as t — oo, all solutions of the
studied system will tend to the steady state operating point, and the
system will eventually operate stably.

4.2 Construction of hybrid potential
function for ship DC microgrid system

Firstly, an equivalent model applicable to the stability analysis of
ship DC microgrid is established. Then, based on the theory of
hybrid potential functions, the hybrid potential function of this
system is constructed, taking into account the influence of nonlinear
control loops. The stability criterion for the ship DC microgrid is
derived. Finally, the stability of the system under large disturbances
is analysed using the stability criterion.

As there is a current inner loop controller in the source converter, it
has the characteristics of a controllable current source. As the voltage on
the source side decreases or increases, the current will change, further
exacerbating the voltage fluctuations. Therefore, the load-side converter
can also be modelled as a controllable current source. Thus, the boost on
the source side, the bidirectional DC-DC converter, and the buck on the
load side, the DC/AC converter, can be simplified as controllable current
sources, denoted by ircpe, ippe, ir and i, respectively. Ignoring the line
impedance, the total capacitance can be equivalent to the capacitance
C=C1+C, +C3+Cy. The equivalent system model is shown
in Figure 4.

The hybrid potential function is obtained by summing the
current potential function of the non-energy storage components
and the product of voltage and current in the capacitor branches.
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For the circuit shown in Figure 4, the current potential functions
are as follows:

J Z u,di, = Jrudcdil + Ludcdiz - j

U>r+s

P P
—dis — j 2 diy
T 1 T 1

Ude U

Udc
= udcil - J i]du + udciz - J
0 0

e P
_PM+J _Mdu
0o U

izdu—PR+J

)

“Rau
0o U

(18)

The product of voltage and current in the capacitor branch is
obtained from Figure 4 and transformed from i3 and i, by Eq. 12:

r+s
) .. Prp Py
Z Usly = —Uge| 11 + 15 — -
Uu Uy

P dc

(19)

= *Mdc(il‘l’iz)‘l’PR‘FPM

The
potential function:

sum of Eqs 18, 19 vyields the system’s hybrid

Ude Ude Udc p Ude P
P(i,u):—J ildu—j z'zdu+J —Rdu+j Mau  (20)
0 0 0o u 0o u

By substituting Eq. 20 into Eq. 14, we can verify the correctness
of the obtained hybrid potential function:

OP (i,u) . . Pr Py
=—1—1h+—+
audc Uge  Uge
:—il—i2+iR+iM: (21)
_ dudc
- at

The results of Eq. 21 show that the derived hybrid potential
function of the system is correct and from Eq. 17 when
il + [v| = oo, P*(i,v) — co.

4.3 System stability criteria

Then, transforming the derived hybrid potential function (20)
into the unified expression shown in Eq. 15, we obtain:

A()=0

Ugc . U . uge PR e Py
B(u) = —_[0 idu — IO idu + _[O 7du + JO 7du (22)
D(i,u)=0

From Eq. 22, it can be seen that the hybrid potential function of
the system satisfies the third stability theorem and is given by Eq. 16:

A (i) =0
9 9 P P 23
Buu(u) - h - 2 __2R_ ;VI ( )
Ouge Oug. ui uj
According to the theorem, we have:
0 9 Py P
o = g 0 ()

To derive the rate of change of the output current of
the power source converter relative to the bus voltage, we
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first solve the differential equation represented by the first term
of Eq. 9:

upc — (1 —dy)ug. _

Ric h(t)

ipc = (25)

Where, h(t) = % e Recllrct represents a  time-
varying term that decays rapidly and has minimal impact on
steady-state conditions. Therefore, combining Eqs 25, 10,

we obtain:

i urc — (1 —d)ugy, _ Urc — [1 - ks:‘pksz(M;ecf - Mdc)]udc
re Rpc Rpc + kgipttge

(26)

At steady state, u;if = U4, According to power conservation there is
urpc - ipc = iy - Ude, which can be obtained by substituting Eq. 26:

. 2 ref
;= 1rc * Upc _ Upe — [1 - kSikavp(udc - udc)]udCch
1= =

27)

2
Uge Rectbge + ksipu,

Similarly, from Eqs 9 and 11 we can obtain the output current i,
of the bidirectional DC-DC converter:

. 2 ref
i = g+ Up Up — [1 - kBipkap(udc - udc)]udCuB
) = =

28
Ugc Rpug + kBip”ﬁc (28)

According to Eqs 27, 28, we can obtain the partial derivatives of

i; and i, as:
. 2 2
01, _ *VFC(RFC + ZkSipudc) + uFCkSipudc(l - kSvaFC - ksvpksipudc)
= 2
2
Ottae (RFchc + kSipudc)
. 2 2
0i, B *MB(RB + ZkBipudc) + uBkBipudC<1 — kg,pRp — kapkBipudc)
= )
2
Ottge (RBMdc + kBipudC)

(29)

Combining Eq. 24 and 29, we can derive the stability
criterion for the direct current microgrid with dual closed-
loop control containing SOFC as shown in Figure 2 under
large disturbances.

10.3389/fenrg.2024.1423931

Méc (RFC + ZkSipHdc) - uFCkSipuéc (1 - kSVpRFC - ksvpksipudc)

Ut =

2
(RFchc + kSipuzc)
uf; (RB + ZkBipudc) - uBkBiputzic (1 - kapRB - kapkBipudc)
2 \2
(RBudc + kBipudC)
P, P
P
udc udc

(30)

Considering the safety constraints of the SOFC on the
large signals of the system, we derive the stability criterion
for the DC microgrid with motor shock loads and direct
loads under large disturbances. This derivation is based on
SOFC
obtained from Eq. 8 and the stability criterion provided by
Eq. 30 for the two DC-DC converters on the power source side

the steady-state electromotive force of the

operating simultaneously under dual control, as shown
in Figure 2.

ot uic(RFc + ZkSipudc) - ul'Ck&puéc(l = ksypRec = ksvpksxpudt)
1 2= 2
(RFCudc + kapu,zjc)
Mf;(RB + ZkBrpudc) - MBkB.pufk(l - kapRB - kapkBipudc) B & B Py 50
Rytige + kgipii?, )’ uio U
BUdc + Kpiptiy,
RT
trc = No{ Boea + 355 | In  (Kino/Kin) (Ko (r1.0Ko))"°)
+0.5In(Irc (1/u - 1)* (2/u - r,u,))]}
—Ipcr0.8<u<0.9
(31)

Furthermore, the prerequisite for the stable operation
of the system is to ensure power balance, meaning that the
power of the constant power load should be less than the
maximum power that the system can provide. Therefore,

we have:
ipcupc +igug > Py + Py (32)

Equations 31, 32 are the large disturbance stability criteria of the
DC ship microgrid of SOFC.

C g

vi3 vl.4

oL

FIGURE 4
Simplified model of the system under large disturbances.
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FIGURE 5
Validation of circuit model and transfer function model.

5 Emulation proof
5.1 Model accuracy verification

The primary focus of this study is the impact of SOFC power and
converter parameters on the large signal stability of system. A
transfer function model of the circuit was established in
MATLAB/Simulink. The initial values of state variables and
intermediate variables were calculated using a steady-state model.
The step responses of the simulation circuit model and the transfer
function model were compared. A step signal was applied att=0.5s.
The waveforms of the SOFC voltage, SOFC current, DC bus voltage,
and DC bus current are shown in Figure 5. It can be observed that
the step response curves of the simulation circuit model and the
transfer function model have an error of less than 11%,
demonstrating high consistency. Furthermore, the bus voltage
identical in thereby

and current are almost steady-state,

validating the effectiveness of the simulation model.

5.2 Analysis of SOFC output voltage
stability boundary

Due to the slow response characteristics of the SOFC, the output

voltage is greatly affected by the current, especially under large loads.
Therefore, the large disturbance stability of the system is analyzed in
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60 . SOFC curren't
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15
P I 2.1v(11%)
5
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the scenario where the energy storage system is not involved in
supporting the bus voltage and the SOFC supports the load alone.

A case study was conducted on Boost and bidirectional DC/DC
converters utilising dual closed-loop control. A simulation model of
the system depicted in Figure 3 was constructed on the Matlab/
Simulink platform for validation purposes. The system parameters
are presented in Table 2.

In order to investigate the impact of SOFC output voltage on
stability, while maintaining kg, = 0.5, kp,p = 0.5, ksp =1 and
kpip = 2 constant, the stability boundary conditions under the
aforementioned disturbances can be calculated based on Table 2
as follows:

0.0033t%. + 149urc + 30067 > Py + Py (33)

To verify the validity of the proposed stability limits, the initial
load of the DC load is 20 kW, the power of the drive motor is 50 kW,
and the loads carried by the SOFC and the Li-ion battery are 40 kW
and 30 kW respectively, while the system parameters remain
unchanged. The large perturbation settings of the system are as
follows: the Li-ion battery is disconnected at t = 4 s, resulting in a
sudden increase of the load by 30 kW. The critical value of the large
signal stability of the system is upc = 266.4V.

From the above, it can be seen that at t = 4 s, the Li-ion battery is
disconnected and the system large perturbation is 30 kW, and
according to the large-signal stabilisation condition in Eq. 33, the
system satisfies the large-signal stabilisation condition before the
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TABLE 2 System parameters.

10.3389/fenrg.2024.1423931

Parameter Value Parameter Value

SOFC fuel utilization rate u 0.8 Lithium battery power supply voltage up 400 V

Boost converter resistance Ryc 0.01Q DC/DC converter resistance Rp 0.01 Q

Boost converter inductance Lgc 1 mH DC/DC converter inductance Ly 0.5 mH
Boost converter voltage loop integral parameter kg,; 90 DC/DC converter voltage loop integral parameter kp,; 50
Boost converter current loop integral parameter kg;; 100 DC/DC converter current loop integral parameter kp;; 70

DC bus capacitance 7 mF DC bus voltage 4. 600 V

C=Ci+C,+C5+Cy
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Shows the simulation waveform when the load Li-ion battery is disconnected and the major system disturbance is 30 kW.

jump. However, after the jump, the voltage gradually drops to the
stability boundary due to the slow response characteristic of SOFC
and does not satisfy the stability condition. The simulation results
are shown in Figure 6: the system is stable before t =4 s. Aftert=4s,
it can be seen that the dc bus voltage drops and oscillates after the
sudden increase of the load disturbance. When the SOFC voltage
drops below the stability boundary condition, it causes the system to
collapse, indicating that the system is unstable.

The SOFC and the Li-ion battery carry a load of 20 kW and
30 kW respectively when the engine power is 30 kW, while other
system parameters remain unchanged. The large disturbance of the

Frontiers in Energy Research

system is set as follows: the Li-ion battery is disconnected at t = 4 s,
resulting in a sudden increase of the load by 30 kW. The critical
value of the system’s large signal stability is upc = 200V. The system
increases from 20 kW to 30 kW at t = 4 s.

The system rapidly increases from 20 kW to 50 kW at t = 4 s. The
simulation results are shown in Figure 7: before t = 4 s the system is
stable. After t =4, it can be seen that the DC bus voltage drops and
oscillates after a sudden increase in the load disturbance. However,
the system eventually returns to equilibrium under large
disturbances as the upc drops to around 297 V, which is not
below the boundary conditions.
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Depicts the simulation waveform when the load power switches from 20 kW to 50 kW.

The above two simulation results confirm that the proposed
stability boundary can effectively predict the drop limit of #c under
different operating conditions, consistent with the determined
system’s large signal stability domain.

5.3 Calculation of proportional gain
boundaries for voltage and current loops in
SOFC systems

According to the stability criterion Eq. 33 of the system, it can be
seen that the stability of the system under large disturbances is
closely related not only to the SOFC power voltage upc, but also to
the parameters of each unit. Based on the obtained upc stability
limits, the proportional parameters kg;, and ks, of the current and
voltage loops of the boost converter are adjusted to improve the
stability of the system. The large signal criterion includes not only
the control loop parameters ks,, and kg;p, but also kg,; and Kg;i,
which have non-arbitrary values. As kg,; and kg; increase, the
overshoot of the regulated voltage in the control loop decreases,
preventing excessive voltage overshoot and helping to stabilise the
large signal. By adjusting these parameters, the stability limit can be
effectively reduced and the stability margin increased to ensure that
the system can meet the requirements of the IACS “Electrical and
Electronic Installations”, i.e., the voltage fluctuation of the DC
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TABLE 3 Stability prediction of variables ks,, and ks;,

Number Ksvp Ksip Boundary condition
A 0.7 1 Not satisfied
B 1.5 1.2 Satisfied
C 2 1 Satisfied
D 3 1 Satisfied
E 4 2 Satisfied

distribution system should be within +10% of the steady-state
value of the designed voltage.

The large perturbation of the system is set to occur at 4 s. To
simulate various operating conditions during ship operation, the
propulsion motor load is gradually increased from an output power
of 30 kW to a rated power of 150 kW. As analysed in the previous
section, the DC load is equivalent to the CPL. Eq. 32 shows that
different control parameters lead to different boundary conditions.
Due to the large load disturbances, it is necessary to change the
control parameters of the lithium battery to improve the system’s
resistance to disturbances. Based on the parameters in Table 2, the
boundary conditions under the above mentioned large disturbances
can be calculated as follows:
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FIGURE 8

Simulation of bus voltage and SOFC voltage at different operating points of the DC microgrid. (The labels (A—E) in the figure are the simulation data

for operating conditions (A—E) in Table 3, respectively.)

Urc
- —(1 - 600ks;, ks,
kSip( ST

Uic
300ks;,

) + 814020 > Py + Py (34)

Here five sets of Boost converter double loop control parameters are
used as shown in Table 3. The simulation results of the dynamic
response characteristics of the ship DC microgrid system under its
control are shown in Figure 8. The reference value of DC bus voltage is
ug. =600 V. From Figure 8A, it can be seen that when the load changes,
the inrush load is increased from 50 kW to 170 kW, which results in the
bus voltage dropping to less than 520 V and oscillating, and it is not
possible to return to the equilibrium point, and the system enters into an
unstable state. And from Table 3, group A parameters do not satisfy the
stability boundary criterion Eq. 34. In group B parameters, the stability
boundary of upc is reduced by increasing ksi, and ksg,,, which
enhances the system’s anti-interference capability. As shown in
Figure 8B, when the load is varied, although the voltage drops for a
longer time, it finally converges to the equilibrium point, indicating that
the system can enter the stable state and yet satisfy the stability
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boundary criterion Eq. 34. Since the PI control can reduce the
stability
boundary decreases with increasing kg,,, and the response speed

oscillation amplitude, in groups C and D, the wupc

and convergence time are shortened accordingly. The simulation
results in Figures 8C, D are consistent with the stability criterion
results, and the system is stable.

Since the system cannot satisfy the criterion in IACS after
perturbation, the PI parameters are raised as shown in Table 3 to
satisfy the stability boundary system is stable. The simulation results
are shown in Figure 8E, where the load voltage drops to within 540 V
after a large perturbation, within udc+10%, and the voltage recovery
speed is 0.1 s. The results show that the system is stable and meets
the criteria in IACS.

Based on the above analyses, it can be seen that the stability criterion
Eqs 33, 34 can predict the critical value of the upc and the system stability
under large perturbations relatively accurately. The stability criterion
calculation method proposed in this paper can provide theoretical
guidance for the transient stability of the SOFC control system.
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6 Conclusion

In this paper, based on the theory of mixed potential function,
we derive the large-signal stability derivation method applicable to
the hybrid system with SOFC lithium battery, obtain the mixed
potential function of the system, and analyse the stability criterion of
the output voltage with SOFC and the control parameters of Boost
converter. The following conclusions are drawn:

(1) Based on the hybrid potential function, the stability criterion
of the system with source-terminal voltage is derived, and the
impact of source-terminal voltage drop on the system stability
is analysed to be relatively large.

The proposed stability criterion calculation method is simple
and analytical, and can more accurately predict the influence
of SOFC power unit control parameters on system stability.
under the condition of shock load step change, the double
closed-loop PI control can effectively suppress the DC bus
fluctuation and accelerate the system steady state recovery, so
as to improve the stability of the converter control system.

In conclusion, the proposed methodology and stability
guidelines can provide good stability guidance for the design of
integrated and coordinated control of a ship’s DC microgrid
containing SOFC power supplies.
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