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Abstract: The application of new energy systems for industrial production to advance air pollution
prevention and control has become an irreversible trend. This development includes hybrid sys-
tems consisting of reversible solid oxide cells (RSOC) and a Li-ion battery; however, at present the
energy dispatching of such systems has an unstable factor in the form of poor heat/electricity /gas
controllability. Therefore, the system studied in this paper uses the Li-ion battery as the energy
supply/storage case, and uses the RSOC to supply power for the Li-ion battery charge or the Li-ion
battery supply power to the RSOC for hydrogen production by water electrolysis. In this hybrid
system, Li-ion battery thermoelectric safety and RSOC hydrogen production stability are extremely
important. However, system operation involves the switching of multiple operating conditions,
and the internal thermoelectric fluctuation mechanism is not yet clear. Therefore, in this paper we
propose a separate control with a dual mode for hybrid systems. Active disturbance rejection control
(ADRC) with a simple structure is used to achieve Li-ion battery module thermoelectric safety and
control the hydrogen production/consumption of the RSOC module in the hybrid system. The
results show that the required Li-ion battery thermoelectric safety and RSOC hydrogen consump-
tion/production requirements can be met using the proposed controller, leading to a hybrid system
with high stability control.

Keywords: solid oxide fuel cell (SOFC); Li-ion battery; active disturbance rejection control (ADRC);
renewable energy system

1. Introduction

In today’s world, there is a growing demand for energy and fossil fuel resources.
As conventional energy systems have caused environmental problems such as carbon
emissions and the greenhouse effect, it is becoming necessary to develop new energy
systems. Resource depletion and climate change are the main motivations for studying
such systems [1,2]. In fact, RSOC/Li-ion battery hybrid systems composed of RSOC and
Li-ion batteries can replace conventional power generation systems. As a clean energy
source, the power generation/hydrogen production form of RSOC can help to accelerate
carbon neutrality, while Li-ion batteries can compensate for the poor tracking characteristics
of RSOC batteries [3-5]. Compared with other new energy systems, RSOC/Li-ion battery
hybrid systems have advantages such as power generation/storage integration, high
system efficiency, and suitability for islanded power generation and storage, and as such
can reduce carbon dioxide (CO,) emissions [6].
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RSOC operation modes include solid oxide fuel cell (SOFC) mode and solid oxide
electrolytic cell (SOEC) mode, which respectively provide the functions of power genera-
tion and hydrogen production and energy storage. As the ambient operating temperatures
can be as high as 700-950 °C, if the high temperature waste heat generated by the RSOC is
utilized, this can help to reduce carbon emissions and safeguard the atmospheric environ-
ment [6]. However, due to the high costs of RSOC development, most existing reversible
fuel cell hybrid systems are based on proton exchange membrane-type fuel cells, which
are more concerned with electrical management and water management issues. This is
different from high-temperature hybrid systems in which SOFC is involved. However,
hybrid systems constructed using a proton exchange membrane fuel cell and Li-ion bat-
tery can provide a reference for system integration. In this paper, system’s waste heat is
further exploited to enhance the system’s temperature management [7]. The hybrid system
integration proposed in this paper is novel, as the related research primarily addresses the
stage of system integration in a single operating mode, which does not address the specific
control issues of RSOC/Li-ion battery hybrid systems.

In an RSOC/Li-ion battery hybrid system, the Li-ion battery is mainly responsible for
powering the external load, while the SOFC mode is mainly responsible for charging the
Li-ion battery to replenish its consumed energy. The SOEC mode is mainly used to consume
the electrical energy of the Li-ion battery to provide energy power for hydrogen production
from electrolytic water. After the system is integrated, the management of thermoelectric
characteristics is crucial. The Li-ion battery constantly changes its power and discharges
irregularly due to the changing demand of external loads. At this point, higher demands are
placed on the power replenishment of the SOFC subsystem and the SOEC electrolysis for
hydrogen production. However, to the best of our knowledge there are few works related to
this topic. In contrast, scholars have conducted preliminary works on thermoelectric power
management in stand-alone SOFC or Li-ion battery energy storage systems. For example,
Cen et al. used a basic finned-tube heat exchanger structure and a special aluminum frame
to design a cylindrical Li-ion-ion battery pack thermal management module for use at
extreme ambient temperatures. The temperature of the battery pack can be easily controlled
to a preset value of 40 °C [8]. Cui et al. proposed a robust predictive energy management
strategy based on a thermoelectric cooler. This strategy can regulate the battery temperature
within the appropriate range and reduce energy consumption, guaranteeing the thermal
safety of the Li-ion battery while satisfying the electrical load [9]. Wu et al. developed four
nonlinear model predictive controllers based on back-propagation (BP) neural networks.
Such controllers can track the load and maintain the proper temperature under fuel leak
failure, air compressor failure, and SOFC normal conditions [10]. From the above works, it
is easy to see that the thermoelectric fluctuation problem is a common problem in hybrid
systems; however, the existing solutions are mostly based on predictive control approaches.
This is not conducive to the implementation of control schemes. Because predictive control
often requires high model accuracy, even a slight deviation of the model usually results in
unpredictable control consequences [11-13].

In order to ensure the operability of the control scheme at a later stage, researchers
have proposed an ADRC method for hybrid Li-ion battery and fuel cell systems [14-17].
This method is an evolution of traditional PID control [18-20], which does not require high
model accuracy and is widely used in industrial power applications. For example, Wu et al.
studied the control problem of grid-connected SOFC power plants under load variation
and uncertainty in network parameters. They used ADRC to improve the performance of a
power regulation system consisting of a DC-DC converter and a DC-AC inverter. Their
results showed that ADRC has more stable performance than conventional proportional—-
integral (PI) controllers for grid current control [21]. Curiel-Olivares et al. oriented a
two-wheeled self-balancing electric vehicle powered by a Li-ion battery. They proposed a
robust self-balancing control scheme based on ADRC, and the results showed that the Li-
ion battery exhibited robustness in power supply [22]. This provides an excellent reference
for the research in this paper.
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In the present paper, a study of the thermoelectric control of an RSOC/Li-ion battery
hybrid system is carried out by constructing a mechanism model. The paper addresses the
design of robust controllers using a simple, general, and practical control method, namely,
the ADRC method [23-25]. Two control problems in hybrid power generation systems are
discussed: (i) regulation of the Li-ion battery charging and discharging temperatures along
with voltage fluctuations; and (ii) control of thermoelectric performance and hydrogen
production in a dual-mode (SOFC and SOEC modes) hybrid system. Although there is
little previous research available in the literature on the control of RSOC/Li-ion battery
hybrid systems, we hypothesize that this approach can be applied to the control of hybrid
RSOC/Li-ion battery systems by learning from existing control methods for hybrid systems
in related fields [26-29]. Therefore, the main contribution of this paper is the introduction
of a simple and practical controller for RSOC/Li-ion battery hybrid systems. This controller
is able to perform the tasks of ensuring thermoelectric safety and load tracking despite
external excitation and disturbance and/or self-perturbations. In addition, the model
proposed in this paper achieves good closed-loop performance under conditions of various
uncertainties and external perturbations.

The rest of this work is organized as follows. In Section 2, the mechanistic equation
model of the baseline the RSOC/Li-ion battery hybrid system is described, as well as the
main ideas involved in the design of a robust controller. Section 3 presents the closed-loop
performance of the proposed controller for two control tasks: (i) the regulation of Li-ion
battery charging/discharging temperatures and voltage fluctuations; and (ii) control of
thermoelectric performance and hydrogen production in a dual-mode (SOFC and SOEC)
hybrid system. In Section 4, we present a discussion of our results and their practical
implications. Finally, in Section 5, we provide our conclusions and remarks on future
research prospects.

2. Materials and Methods

The system mechanism model for the RSOC and Li-ion battery integration is intro-
duced first in this part. Then, based on the concept of ADRC, the general method used for
controller development is presented.

2.1. Dynamic Power Generation Process of RSOC/Li-Ion Battery Hybrid System

An RSOC/Li-ion battery hybrid system is composed of hydrogen, air, external load
current, a hydrogen storage tank, a Li-ion battery, and other components. The schematic
diagram of such a hybrid system is shown in Figure 1. The power generation process is as
follows [30,31].
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Figure 1. Diagram of hybrid system.

(1) When the SOFC mode is not operating, H,O and load are introduced into the
system, then the Li-ion battery starts to generate electricity for the load. The RSOC is in
SOEC mode and the system starts to produce hydrogen by water electrolysis, which is
stored in the hydrogen storage tank. The SOEC working mode requires an external power
supply, and achieves the purpose of hydrogen production by water electrolysis.
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(2) When the Li-ion battery experiences discharge over a long time, its remaining
power is insufficient. In this state, the SOFC mode begins working and the hydrogen tank
starts to supply hydrogen to ensure that the RSOC module can generate electricity for the
Li-ion battery, providing the Li-ion battery with a power boost. When the Li-ion battery is
fully charged, the SOFC mode is deactivated and the SOEC mode works to replenish the
hydrogen consumed in the hydrogen storage tank.

Normal operation of the above process can effectively maintain mutual transfer of
energy and material change between the RSOC and the Li-ion battery in an integrated
hybrid system.

Following the pioneering study of Zhang et al., several authors have considered the
problem of slow SOFC load tracking [32]. Cheng et al. considered the inclusion of an
observer in the control process to ensure thermal safety inside the stack [33]. Previous
works have pointed out a number of characteristics of SOFC systems: (i) the SOFC has
strong thermoelectric coupling characteristics, and the thermal and electrical response rates
are on the order of seconds and milliseconds, respectively; (ii) temperature safety can be
accomplished by reducing the load current; and (iii) the thermal gradient of the SOFC often
needs to be controlled within 100 °C.

In fact, when the hybrid system starts to generate electricity, the thermal safety of
the Li-ion battery needs to be considered as well, as the whole process is an exothermic
reaction. In addition, the choice of control method affects both the thermoelectric control
and hydrogen production effect of the hybrid system.

The operational issues mentioned above have motivated different works to improve
the technical and operational performance of solid oxide and Li-ion batteries. These works
include analysis of thermoelectric performance and data preprocessing for both types of
battery mentioned above [34,35], integration of Li-ion battery charging and discharging
technology, electrolytic water hydrogen production technology with RSOC/Li-ion battery
hybrid systems [36,37], improvement of control strategies using mechanistic modeling, and
development and application of different control designs.

2.2. RSOC/Li-Ion Battery Hybrid System Model

Simulink models were connected based on the architecture of the hybrid system
according to the physical first principles (conservation of mass, conservation of energy,
conservation of matter, etcetera). Among them, the RSOC module and the Li-ion battery
module are constructed using basic mechanistic equations such as the Nernst equation, heat
exchange, and electrochemical reflection combined with available heat-electricity-gas mea-
surements for modeling and analysis. Zhang et al. [38] set up three hybrid system operation
scenarios to derive their RSOC/Li-ion battery hybrid system model. The proposed model
was developed for the control needs of RSOC/Li-ion battery hybrid systems. The experi-
mental arrangement and conditions were characterized and described by Zhang et al. [39].

The specific modeling process is described in the following two subsections.

2.2.1. RSOC System Module

To accommodate the Li-ion battery module data, the model for the RSOC module
makes the following assumptions [40]:

(1) A constant gradient of air pressure drop in the direction of the air flow;

(2) The system components are adiabatic from the outside;

(3) The edge effects of the RSOC stack are neglected, and all single cells (consisting of
PENs and adjacent metal linkers) have exactly the same dynamic behavior;

(4) The metallic linker has good electrical conductivity, with equal potential at all points;

(5) All heat generated by the electrochemical reaction is released in the PEN of the
single cell;

(6) Adiabasis exists between adjacent single-cell bodies;

(7) The RSOC has 100% current efficiency, i.e., the number of electrons produced by the
hydrogen electrochemical reaction is theoretical;
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(8) In each gas supply subsystem, the hysteresis characteristics of the airflow caused by
the gas supply piping and mass flow meter can be replaced by an inertial link and
delayed link equivalent.

The generic part of the specific modeling equations is shown in Table 1 below.

Table 1. Modeling mechanism equations for RSOC modules and auxiliary components.

Model Name Mechanism Equation
Flow rate model Nout = Ny, + ZRi,i € {H,, 0y, H,O, N, }
Molar fraction model N% = NinXiin — Nout Xiout + Ri,i € {Hz, 02, H,0, Ny}
ar . . )
Temperature model NCVE = Ninhin — Nouthout + Z Qin
. T
Fluid molar enthalpy hi = hipos.15 + /2 o515 CPi (14T, 1 € {Ha, 02, H20, Np }
. . T .
Solid unit temperature model 05 ViCs % =Y Qi
daT, . X .
RSOC thermal model orEN VPENCPEN ;fN =Y QinpEN + Qreact — Wout
Air supply module time-delay model G(s) = 1 e TS
Ts+1
Nernst equation model E—E04 E In cep?
nF ~ Aapb

Additional mechanistic equations and related explanations of the relevant variables
can be found in the literature [40]. These parameters were obtained using parameter
identification methods developed in the course of previous work by our research group [40].

2.2.2. Li-Ion Battery Module Model Description
(1) Temperature model of Li-ion battery [41]:

1
dTc = ?(Q + (Ts — Tc) /Re)dt O
dTs = a((—Ts + Tc+ (Tf — Ts)/Ru)/Rc)dt

where Ts and Tc are the surface temperature and internal core temperature of the Li-ion
battery, respectively, while Cs and Cc are the coefficients of the surface and internal core of
Li-ion battery, respectively. The set values were Cs = 4.5, Cc = 62.7; Ru = 15, and Rc = 1.94;
these parameters are set based on empirical judge.

(2) Electrochemical model of Li-ion battery [42]

Assuming that the performance of the active substance inside the electrode changes
only in the x-axis direction, the specific relationship is as follows:

N=¢s— Pe — uocp _jFRfilm ()

where ¢s and ¢ are the solid phase electrode and electrolyte potential, respectively, Uy is
the open circuit voltage, and Ry, is the diaphragm resistance. From the Butler—Volmer
equation, the cell current density is obtained as follows:

. _ - 1—a)F oF
j(x,8) = keg™* (Cmax — cse)’ “C?,e{eXp [(RT)U] - eXp<—RT77) } ®)
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The relationship between the concentration of the solid-phase electrode and the poten-
tial is expressed as
dcs(r,x,t)  Ds 9 [ 50cs(r, x,t)
aFf  ror [r ar ]
)

i 0 : @)
Y |:0'e axqbs(x,t)] —asFj(x,t) =0

The relationship between the concentration of the liquid-phase electrolyte and the
potential is expressed as
ecce(x, )] 9 [yt O 0\,
s T o D" —ce(x,t) | + (1 - t+)a5](x,t)

ox
9 [keff;xqbe(x,t)} + 9 [ %ffi lnce(x,t)} +asFj(x,t) =0

5)
ox Jx ox

The microscopic particle variation of the Li-ion battery is shown in the above equation,
which is known as a pseudo-2D model. Based on this model, the performance of the battery
can be estimated after mathematical derivation.

(3) Feature Parameter Selection

For control design purposes, the state vector is shown as x = [x1,x2,x3,x4,
x5, x6, x7, x8, X9, x10, x11, x12} T = [NHZ’ NHZO/ Nair, P, I, Rfilmr sz, szo, TC,Li—ion/ Ts,Li—ionr
Trsoc, Uocp] T. Here, N is the flow rate, P is the power in charging or discharging condition,
T is the temperature, I is the current, p is the pressure, R is resistance value, and U is
voltage. Nominal operation was simulated using the parameter values shown in Table 2
below [40].

Table 2. Key parameters of the RSOC module.

Parameter Name Parameter Value
Anode convection coefficient (kW/m? K) 0.05
Cathode convection coefficient (kW /m? K) 0.05?
PEN conduction coefficient (kW /m K) 2x1073
IC conduction coefficient (kW /m K) 25 x 1073
PEN density (kg/m?) 5900
IC density (kg/m?) 9000
PEN specific heat capacity (k] / (kg K)) 0.5
IC specific heat capacity (k] / (kg K)) 0.62
The porosity 0.4
Pore size (up) 0.5
The activation energy of anode (J/mol) 1 x 10°
The activation energy of cathode (J/mol) 12 x10°
Limitation current density (A/ m?) 10,000
The node of a single cell 5
The number of cells in stack 13
The width of a single cell (m) 0.10

The length of a single cell (m) 0.10
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Table 2. Cont.

Parameter Name Parameter Value
The area percent of gas though the cell 0.95

The thickness of PEN (m) 0.5x 1073

The thickness of IC (m) 1x1072

The highness of anode channel (m) 1x1073

The highness of cathode channel (m) 2x1073

The pressure difference in anode channel (pa) 0.05 x 10°
The pressure difference in cathode channel (pa) 0.05 x 10°

Figure 2 shows the temperature variation of the Li-ion battery in charging and discharg-
ing modes. The Li-ion battery indicators display voltage fluctuations in both discharging
(Time is 20 s in Figure 2a) and charging (Time is 40 s in Figure 2b) modes. However, the
Li-ion battery temperature rises at a fast rate, which is detrimental to the Li-ion battery’s
thermoelectric safety. On the other hand, the hidden danger of Li-ion battery thermo-
electric safety is transferred to the RSOC module in the hybrid system, which affects the
performance of the RSOC stack and its auxiliary components.

Temperature / °C
2] [#] p w
(=] (==} (==} (==}

-y
(=]

(=]

on

[N
T
<

battery

W
T
I

>
S 48T e ——— 1
& |
=46F
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44+ — -
42 - \:
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Time/s

(a) Discharge situation

Figure 2. Cont.
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(b) Charging situation
Figure 2. Temperature and voltage variation of Li-ion battery in charging and discharging modes.

2.3. Control Design Method Based on ADRC

In order to avoid the situation described in Figure 2, this research uses the ADRC
control method, which has significant advantages for handling fluctuation problems. The
ADRC algorithm incorporates PID control ideas and modern control theory. This algorithm
can select the integral standard type according to the input and output of the complex
controlled system, which can eliminate the external unknown disturbance and compensate
for the internal uncertainty of the system while allowing for real-time estimation and
compensation of the disturbance [43—45]. The ADRC method is based on a model-free
approach for simple controller development. However, as RSOC systems are less popular
in physical form, in this paper we mainly use models to replace the concept of physical
prototypes. Therefore, the controller design in this paper is established based on the system
models constructed in Section 2.2. Because these models contain elements driven by the
presence of data, they are uncertain with envelope constraints, and the observer embedded
in the ADRC controller has the function of monitoring the system state variables. The state
variables are monitored by the observer, which in turn enables the compensation output
of the controller. The ADRC method was first proposed by Han et al. [46]. Tan et al. [47]
extended the initial idea to power systems and studied linear active disturbance suppression
control. Li et al. [48] proposed an ADRC with a switching law to address the problem
of accurate temperature regulation in PEMFC. The ADRC method has been widely used,
and is considered an effective technique for dealing with uncertain nonlinear systems in
complex chemical and energy field processes [47-49].

Aiming at the RSOC/Li-ion battery hybrid system with nonlinear and uncertain char-
acteristics of the mechanism model in the power generation process, this paper introduces
the ADRC technique to the RSOC/Li-ion battery hybrid system. This controller consists of
Tracking Differentiator (TD), Non-Linear States Error Feedback (NLSEF), and Extended
States Observer (ESO) links. In designing the ADRC controller, v is the input of the system,
v; is the tracking value of v, v, is the differential value of v1, e; and e, represent the error,
z1, 7, and z3 are the perturbation estimates, ey = v; — z1, e = vy — 23, b is the compen-
sation factor, 1 is the control law, u is the actual control amount, $; and ; are the gain
parameters, and y is the output of the system. The ADRC control structure is illustrated
in Figure 3. The role of the radial basis function neural network (RBFNN) is to tune the
parameters of the ADRC controller.
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Figure 3. Structure diagram depicting active disturbance rejection control for an RSOC/Li-ion battery
hybrid system.

To prevent the input signal from directly affecting the controlled object and causing
the output signal to overshoot, a transition process TD module is designed that can quickly
track the input signal and extract the differential signal of the tracked signal. The fast
optimal synthesis function fal(.) algorithm is introduced to design the discrete tracking
differential signal as follows [46]:

{ v(k+1) = v (k) + hoy(k)
va(k+1) = va(k) + he (6)
¢ = than(vy (k) — v(k), va(k), 7, ho)

where r is the fast factor, 1 is the sampling period, and hy is the filtering factor. The ESO
considers the system from the perspective of unmodeled dynamics, uncertain parameters,
and unknown external disturbances, then observes and compensates for the system state in
real time using the output feedback design, resulting in a system without static error control.
ESO does not require an accurate and rigorous mathematical model of the controlled object,
meaning that disturbance observation can be achieved without direct measurements. The
hybrid system disturbance is set to the expansion state x3, and the unknown variable x3 is
estimated such that the value of z3 is obtained as follows [46]:

e=z1—Y
7%1 =2y —J1e @)
Zp = z3 — pafal(e,ar,6) + bu
z3 = psfal(e,ap,9)
where pi1, o, and p3 are adjustable gain parameters, a1 and «, are design parameters, 4 is
the width of the nonlinear interval, and fal(e, a3, d) is the nonlinear saturation function,
denoted as

le|*sgn(e), le| > o

8
5177“,|6|S5 ()

fal(e,a1,0) = {

The discrete equation of state for the observer is as follows:

e = z1(k) — y(k)

z1(k +1) = z1(k) 4 hzp (k) — hyqe ©)
zo(k+1) = zp(k) + h(z3(k) — pafal(e,aq,6) + bu)

z3(k +1) = z3(k) — husfal(e, az, )

NLSEF uses the fal(-) “large error with small gain” and “small error with large gain”;
essentially, the control law u is obtained according to the error signal ¢, then the actual
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control amount is obtained by compensating for the estimated value of disturbance z3. The
NLSEEF is designed as follows:

ug = B1fal(er, u3,6) + Bofal(es, ay,d) (10)

where a3 and a4 are the design parameters.

In summary, the actual amount of control available for the hybrid system is
u=uy—z3/b.

In this paper, the ADRC method is applied to the RSOC/Li-ion battery hybrid system
model under the following additional assumptions.

Assumption 1: The temperature and voltage of the Li-ion battery are the key control
variables, i.e., u = [TL;_jon, V]. Assumption 2: The control input is affected by the saturation
nonlinearity, i.e., t,;; < U < Upay. Assumption 3: The controlled variables can be used for
control design purposes. The following comments are necessary at this point:

A. For control purposes of the hybrid system power generation or hydrogen produc-
tion process, in practice only a relatively limited amount of control is usually possible.
Most of these actions are limited to the Li-ion battery thermoelectric safety state and the
operating conditions of the RSOC module. Therefore, in this paper the hydrogen con-
sumption, hydrogen production, RSOC module voltage, Li-ion battery voltage, and surface
temperature are selected as the key indicators for reference.

B. According to previous works on the operation process of the hybrid system model,
the Li-ion battery temperature control is very important and must be attended to in order
to ensure safe and long-lasting operation of the Li-ion battery module.

3. Results

In this section, two control problems are addressed in the mechanism equation model
constructed based on the above ADRC control method: (i) regulation of the Li-ion bat-
tery charging/discharging temperatures and voltage fluctuation; and (ii) control of the
thermoelectric performance and hydrogen production in dual-mode operation (SOFC and
SOEC modes) of the hybrid system. The control effect of the ADRC controller is tested,
and the fast and stable operation processes of the hybrid system are respectively studied in
dual-mode operation.

In order to fully investigate the hybrid system’s steady-state operation conditions,
two control variables are selected as benchmarks in this paper to facilitate the evaluation
of control effects and enable rational decision-making. We first select the range of Li-ion
battery module current variation and the range of RSOC module current variation during
the operation of the hybrid system; the fluctuation range is shown in Figure 4. It should
be noted that during the transition from charging to discharging the current undergoes an
approximate step transition between 100 s and 150 s. In the Li-ion battery charging phase
(time after 150 s), the current value is stable at about 80 A, while in the discharging phase
the Li-ion battery module current is about —80 A. Therefore, in this paper we conduct a
control analysis of the thermal—electrical-pneumatic characteristics of the hybrid system
within the current regulation interval of the Li-ion battery module.

100 :

Cln Discharge stage
50
25

ok

Current/ A

-25

-50 —
Charge stage
751 -

1
200 250

-100 :
50

Time /s

Figure 4. Current trend setting for Li-ion battery modules in the control process.
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3.1. Control of Li-Ion Battery Thermoelectric Characteristics in Dual-Mode Operation
3.1.1. Control Problem

First, the RSOC module voltage value and the Li-ion battery thermostat value are
set. The control problem is set to regulate the voltage and temperature values of the
Li-ion battery to the desired reference values, thereby achieving efficient control. The
Li-ion module temperature is related to the RSOC module discharge current and the
surface temperature of the Li-ion module. Therefore, the main adjustment variable in
the regulation process is the voltage value of the RSOC module in SOFC mode. At the
same time, the surface temperature of the Li-ion battery module is controlled as much as
possible, satisfying the thermoelectric safety requirement of the Li-ion battery module in
the charging phase. When performing control, the hydrogen supply is considered to have a
constant value Ny, = 0.006 mol/s.

3.1.2. Numerical Results

The first step in designing the ADRC controller is to construct an input-output mech-
anism model that can reflect the relationship between the external input voltage of the
RSOC module or demand for hydrogen production on the one hand, and the Li-ion battery
module on the other. This is the model described in Section 2. The model follows a second-
order approach when using ADRC to control the temperature of the Li-ion battery, and the
control parameters are b0 = 0.01, wc = 1, and wb = 15. ADRC controls the voltage input of
the RSOC module, with the parameters set as follows: b0 = 0.06, wc = 0.02, and wb = 0.08.
The PID controller controls the temperature of the Li-ion battery, and the parameters are
settoP =0.7,1=1, D =0, filter coefficient N = 10, Wb = 1, and Wc = 1. Optimisation of the
ADRC controller parameters is done by RBFNN from Figure 3. The PID controller controls
the voltage input of the RSOC module, with the parameters setas P=1,1=1, D =0, filter
coefficient N = 100, Wb =1, and Wc=1.

Figure 5 shows the output response characteristics of the hybrid system after adjusting
the parameters of the ADRC controller and the PID controller. Under the hybrid model,
the control effect is tested using the PID controller and ADRC controller, which are then
compared.

From Figure 5, the ADRC controller can adjust the Li-ion battery temperature and
voltage to the expected values while minimizing the impact of external disturbances. The
expected value of the control input is set as follows: temperature = 25 °C and voltage value
=4.5 V. The observed control results are as follows.

(1) When the hybrid system is running in SOFC mode, the voltage value of the Li-ion
battery is stable at 4.6 V after the ADRC controller runs for 5 s. The surface temperature of
the Li-ion battery can be stabilized at 25 °C after 8 s. Under the action of the PID controller,
after the system runs for about 70 s the surface temperature of the Li-ion battery is 25 °C.
The Li-ion battery voltage shows a slow upward trend after 9 s, and reaches 4.9 V in 100 s.
It can be seen that the performance of the ADRC controller is significantly better than that
of the PID controller when operating in SOFC mode, mainly in terms of rapid temperature
control and voltage stability (Figure 5a).

(2) When the hybrid system is running in SOEC mode, the Li-ion battery is in its
discharge phase. It can be seen from Figure 5 that the voltage of the Li-ion battery has a
downward trend. Under the action of the ADRC controller, the temperature of the Li-ion
battery first decreases and then increases in the first 5 s, followed by a returned to the stable
state at 25 °C. In the first 75 s, the voltage value of the Li-ion battery is in a state of slow
decline, while after 75 s the voltage of the Li-ion battery is stable at 1.3 V. In addition, under
the action of the PID controller it is obvious from Figure 5b that the temperature of the
Li-ion battery is difficult to control within 100 s at 25 °C. However, the change trend of the
voltage value is essentially consistent with the action of the ADRC controller.

It can be seen that the performance of the ADRC controller is significantly better than
that of the PID controller in dual-mode, which is mainly reflected in the rapid control of
the temperature and the stability of the voltage value.
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Figure 5. The temperature and voltage response curves of the Li-ion battery module in the hybrid
system in hydrogen production mode and Li-ion battery charging mode. (a) Response curves of
the Li-ion battery temperature and voltage under PID and ADRC controllers in SOFC mode (Li-ion
battery charging) and (b) response curves of the Li-ion battery temperature and voltage under PID
and ADRC controllers in SOEC mode (Li-ion battery discharge hydrogen production).

3.2. Hydrogen Consumption and Hydrogen Production Control in Dual Mode
3.2.1. Control Problem

During operation of the hybrid system, hydrogen production by water electrolysis and
hydrogen consumption for power generation are very important. When electrolyzing water
to produce hydrogen, it is necessary to properly control the power supply of the external
Li-ion battery such that hydrogen can be produced stably in SOEC mode. In addition, in
power generation mode the stability of hydrogen consumption is key to ensuring the stable
operation of the system. Therefore, hydrogen control with respect to hydrogen production
and the hydrogen production process is particularly important.

3.2.2. Numerical Results

For this control problem, we use two control methods in this section for testing,
namnely, PID and ADRC. We set the RSOC module voltage input to a constant value of
0.56 V, and the two specific types of situations are as follows:

(1) In SOFC mode, the parameters of the PID controller are set as follows: P = 0.03,
1=0.0002, D = 0.002, filter coefficient N = 1000, Wb = 0.2, and Wc = 0.08, while the surface
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temperature of the Li-ion battery is 25 °C and the voltage of the Li-ion battery is 2.6 V.
The corresponding hydrogen consumption is shown in Figure 6a. When using the ADRC
control method, the parameters of the ADRC controller are set as follows: b0 =1, Wc = 0.02,
and Wb = 0.08; the hydrogen consumption trend is shown in Figure 6a. It can be seen from
Figure 6 that the hydrogen consumption controlled by ADRC is relatively stable and the
molar flow rate is low, which can effectively ensure the high power generation efficiency of
the hybrid system.

(2) In SOEC mode, the parameters of the PID controller and ADRC controller are
set according to the hydrogen production demand of 0.047 mol/s; the parameter table is
shown in Table 3.

Table 3. Control parameters.

Parameter No. ADRC PID
1 Wy 0.04 Wy 1
2 We 0.06 We 1
3 by 0.005 Filter coefficient 100
4 Order 2 P 0.5
5 Time domain continuous I 1
6 — — D 1

When operating in SOEC mode, the control problem should be the same as that of
thermoelectric control problem for the Li-ion battery module. Two types of controllers
are used to adjust the hydrogen production to the required reference value while rejecting
external disturbances.

When the hybrid system is running in SOEC mode, the Li-ion battery is in a discharged
state. It can be seen from Figure 6b that, under the action of the ADRC controller, the
hydrogen production of the system shows an upward trend (overshooting) in the first
10 s; the hydrogen production of the hybrid system then gradually decreases after 10 s
and stabilizes at 0.047 mol/s by 33 s. The main difference is that the control effect of PID
controller is slightly worse than that of ADRC controller. Specifically, the preset hydrogen
production cannot be tracked accurately, and its deviation from the ideal value is greater
than the deviation between the ADRC controller and the ideal value.

It can be seen that the ADRC controller performs well in terms of both hydrogen
production and hydrogen consumption when operating in dual mode. At the same time,
the hydrogen consumption/hydrogen production effect obtained by the ADRC controller
is significantly better than that of the PID controller.

Regarding the comparison between the proposed controller and the classical PID
controller, the following observations can be made with respect to the two control problems.
(i) When the controller is involved, the control effect is significant (compare Figures 2 and 6).
At the same time, the output effect obtained by the control input through the ADRC
controller is better than that of the PID controller. In this way, the hydrogen production
capacity, the temperature of key positions in the RSOC system, and the power generation
control of the hybrid system are all faster, more stable, and more accurate. (ii) The control
effect of ADRC controller is satisfactory. Although there is an overshoot in the hydrogen
production control process, this does not affect the storage of hydrogen. At the same time,
the system has a good control effect on temperature and voltage in SOFC/SOEC dual-mode
operation, and no overshooting occurs.
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Figure 6. Hydrogen flow rates for the hydrogen consumption and hydrogen production processes
during SOFC/SOEC dual-mode operation.

4. Discussion

The following discussion is based on the numerical simulation of the proposed con-
trol scheme.

With regard to the temperature value and voltage value of the Li-ion battery module,
the Li-ion battery module’s operation is significantly affected by the thermoelectric perfor-
mance of the RSOC module [39]. This paper draws on the thermal analysis method of Li-ion
batteries by Chen et al. [50], on the basis of which we have conducted in-depth research
on selected parameter values such as the hydrogen production/hydrogen consumption,
battery surface temperature, and hybrid system power generation. The key to controlling
the hybrid system was found to be the management of the thermoelectric parameters
for the Li-ion battery module. The Li-ion battery module uses the power generated by
the RSOC module for charging, which affects its own temperature. Under the action of
the controller, the thermal safety of the Li-ion battery can be guaranteed and the Li-ion
battery module can be charged smoothly. Xue et al. [51] have argued that when external
perturbations are applied the temperature value for the RSOC module must not be higher
than 900 °C during the operation of the RSOC/Li-ion battery hybrid system model; in our
model, this indicator is controlled via the saturation module. In addition, the voltage value
must not drop too quickly, as is reflected in the results shown in Figure 4. Therefore, the
results presented in this paper can be considered trustworthy.

With regard to hydrogen production control in SOEC mode, the hybrid system struc-
ture used in this paper represents a great improvement on the previous system structure.
At the same time, the molar flow rate of hydrogen production and hydrogen consumption
need to avoid frequent fluctuation in the hybrid system. This index is highly correlated with
the temperature output of the hybrid system, which is fully explained in the literature [12].
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It can be seen that the hydrogen consumption/hydrogen production results obtained in
this paper meet the requirements of system safety control.

With regard to the control effect of the ADRC controller, the controller proposed
in this paper is applicable to the RSOC/Li-ion battery hybrid system. For the output
response of the constructed hybrid system mechanism model, the numerical results prove
that the ADRC control method has excellent ability to control the complex thermoelectric
performance of the hybrid system. We note that there are only two extant papers involving
control design for the thermoelectric characteristics of a RSOC/Li-ion battery hybrid
system [31,52]. These papers respectively consider RSOC/Li-ion battery hybrid system
fuel management and Li-ion battery status management; however, neither considers the
control of the heat and power characteristics during the recharging process or attends to
rapid adjustments of temperature and voltage. In addition, these works adopt control
methods that require precise models, and the proposed control methods all use active
disturbance rejection. As these methods do not take into account the automatic adaptation
feature of the algorithm, a fair comparison is not possible. The ADRC control proposed in
this paper has certain adaptive characteristics when used in a hybrid system.

With regard to the stability of hydrogen production, according to the known mech-
anism equations (the Nernst voltage model, temperature model, and flow rate model in
Table 1), voltage instability can lead to flow rate fluctuations during hydrogen production.
In comparing Figures 2b and 6b, we find that under the action of the ADRC controller the
hydrogen production in Figure 6b is stable from 40 s to 100 s, leading to the conclusion that
the voltage fluctuation effect in Figure 2b is completely suppressed by the ADRC controller.

5. Conclusions

This paper discusses two control problems in an RSOC/Li-ion battery hybrid system
during the supply of power to external loads: (i) regulation of the Li-ion battery charg-
ing/discharging temperatures and voltage fluctuation; and (ii) control of the thermoelectric
performance and hydrogen production in dual-mode (SOFC and SOEC) operation. In
the first case, the control problem is aimed at achieving the thermoelectric stability of the
Li-ion battery module by reducing voltage fluctuation. In the second case, the purpose of
the control problem is to improve power generation/hydrogen production stability in the
hybrid system. In this way, it is ensured that the system performs well in terms and stability
during power generation/hydrogen production. Moreover, the proposed controller is sim-
ple and easy to implement, which makes it suitable for popular implementation in modern
industrial production. Another significant advantage is its versatility. This technique can be
applied to similar and more complex hybrid system operation processes where a low-order
input-output model can be obtained. Although the controller proposed in this paper is
based on a validated RSOC/Li-ion battery system model, in order to complete the required
experiments it is necessary to consider the effects of relevant operational variables, such as
the accumulated battery loss. Future research might focus on applying the ADRC controller
proposed in this paper to real versus multiple input-multiple output situations.
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