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Abstract. Given that the important influence upon the power network of strong randomness
and the intermittent features in PV power, this paper is to construct a multi-complementary
system, which combines the PV module, electrolysis of water produce hydrogen module,
hydrogen fuel cell module and lithium battery energy storage module, all coupling with DC-
bus of 800V. It is to build a mathematical model of PV, electrolyzer, hydrogen fuel cell and
lithium battery. In this case, it does research on photovoltaic, electrolysis of water producing
hydrogen, hydrogen fuel cell power, lithium battery energy storage and other on-grid system
and coordinated control strategy. This control strategy not only can make the hybrid system
power output controllable, but also can dramatically improve the utilization rate of solar energy
and hydrogen energy, which make the usage of clean energy efficient. What’s more, this
system can smooth the fluctuation of DC-bus’s voltage and let it stabilize at 800V and smooth
the power of on-grid network. Finally, the simulating result by means of PSCAD/EMTDC tests
verifies the efficiency of this hybrid system’s coordinated control strategy.

1. Introduction

As the photovoltaic power network permeates more and more nowadays, a great attention should also
be paid to its influence upon network’s stable and safe operation. Currently, scholars and experts pay
high attention to it [1,2]. Hydrogen energy is the most ideal pollution-free and clean energy among the
secondary energy. By means of photovoltaic electrolyzer, it is to produce hydrogen when network is at
low load. In the peak time, using PEMFC to provide electric energy is one of the efficient methods of
improving utilization rate PV power. Nowadays, among them, a hybrid power system of PV-hydrogen-
storage coordinated control is one of the popular topics for the scholars and experts both from home and
abroad.

Multi-complementary DC micro grid is composed of electrical component models and multi-
complementary strategies. It is integrated in system through distributed energy and energy storage
equipment, in order to provide thermal energy, electric energy and other energy supply for client. It
focuses on the usage of multiple and inter-connected energy, which makes the energy recycle, in order
to enhance the energy’s efficiency.

Therefore, PV/electrolysis of water/hydrogen fuel cell/lithium battery storage is a whole DC micro
grid system, and it is far from simply putting together distributed PV power or distributed wind power
and storage section. Currently, it is necessary to do research on how to configure the energy
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appropriately and how to do calculation and design required for intelligent coordinated control. The
inter-connection of PV panel, electrolyzer, hydrogen fuel cell can make an efficient conversion of solar
energy, chemical energy and electric energy. Also, this can solve the problems resulted from high
harmonic hazard, uncontrollable trend, flash flicker and others. By means of improving the technique of
producing hydrogen from electrolysis of water, all materials and products used in this chemical reaction
are very clean and more compatible with national requirement for green energy.

Nowadays, there are many research about models and controls based on the hydrogen storage PV
system. Reference [4] joins hydrogen generator and battery storage module into the exchange network
point, and this realizes smoothing the active power output of PV power system; reference [5] proposes a
mixed on-grid power system which is composed of PV power, PEMFC, battery storage, and super
capacitor and utilizes simple control technique to realize power supplying for load and operation on
network; reference [6] uses the electrolyzer and fuel cell to storage the hydrogen, which eliminate the
problem load fluctuation and intermittent feature by PV power; reference [7], compares and analyzes
the features of battery energy storage and hydrogen fuel cell storage based on the fluctuation of PV
power, from power generation cost, power capacity to its flexibility; reference [8] proposes a mixed
system model and control which is composed of PV power, proton exchange membrane fuel cell, and
battery in electric car, whose management and control can realize constant supply of energy; reference
[9] proposes PV/wind/fuel cell mixed power system model, whose load control can be realized in
simulating software. To summarize, system modeling and research on control of photovoltaic/hydrogen
mixed system are still in the early stage, and more profound research is in need.

Confronting the pivotal problems of PV power on grid network’s influence upon power network,
this paper propose PV on grid power system mixing with hydrogen energy storage, which is composed
of electrolyzer, fuel cell and lithium battery, in order to realize active connection and friendly power
generation of PV and hydrogen green energy. PV power connects electrolytic hydrogen production, fuel
cell, lithium battery energy storage and grid network module with DC busbar to coordinate and control
load of all modules, and then satisfies the network by means of controlling the system. Meanwhile, this
can maximize the benefit of renewable energy and optimize the operations of each module.

2. Modeling of mixed system

2.1. Model of PV system
The physical essence of PV battery is PN junction. When the PV battery is totally hidden, its feature
can be almost expressed by the following ideal diode equation:

Vpvk

dk nplsat (e'ﬂ/ﬂlA - 1) (1)

Where Vi=kgT/q. is the thermal voltage of semiconductor material, kz is Boltzmann constant
(usually 1.381x10-23J/K ), T is the absolute temperature, g. is the unit charge (usually 1.602x10-19C);
n is diode quality factor, its value depends on manufacturing technology of PV module and
semiconductor; Iy is the reverse saturation current of PN junction; #n, is the serial number of PV
module; 7, is the parallel number of PV module; iu is the steady dark current, which is in strict
incremental relationship with output voltage v,u, and which has nothing to do with light intensity.

iqer 18 steady state photocurrent, which is more influenced by light intensity, and it equals the output
current of PV module when there is short circuit at the output v,,=0. It is in incremental relationship
with light intensity, and it can be represented as:

. S
lgck = np[[sc + a(T - Trc_}f )]S_ (2)
ref
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Where /. is the short circuit current of PV module under the Standard Testing condition (STC), in
STC, light intensity is S,,=1000W/m2, battery temperature is 7,,~25°C, S is the actual light intensity,
o 1s the temperature coefficient of short circuit current.

Therefore, the actual equivalent model of PV array can be expressed in parallel by an ideal PN
junction and a light-control current source, as follows in figure 1:
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Figure 1. Equivalent model of PV array
Therefore, the relationship of PV array output current i, and its output voltage v, can be
represented as follows:

Vpvi

. S n
Ly =n,ll,.+a(lT-T, )]—S -n,1, (e’ —1) 3)
ref

Equation (3) shows the nonlinear relationship between PV array’s output current and output
voltage under any condition of light intensity and module temperature. PV array can be equivalent to
changeable current source, whose output current is nonlinear function of PV array voltage.

ipvk = f(vpvk) (4)
The maximum output power of PV array can be expressed as output voltage:

})pvk = max(vpvk ipvk ) = max[vpvk f(vpvk )]| S,T (5)

Equation (5) shows that the PV array has different maximum power point under different lighting
condition. In order to gain maximum output power, each PV array employs individual MPPT control.
Equation (4) and (5) show the output characteristic curve of I-V and P-V under different light intensity
condition, as is shown in figure 2.

2.2. Electrolyzer model

When PV power is larger than network’s demand, extra power will follow central control system’s

order and be transferred to hydrogen generating device to produce hydrogen. After necessary

compression, liquefaction and chemical reaction, this hydrogen will be reserved in storage device.
Under any temperature, alkaline electrolyzer’s U-I function is shown as follows [10]:

+nT,
Ucell = Urev % el
cell
L+, /T, +t, /T, ©)
+(s1 +5,T, +S3Tj)log( e +1]
Acell
Ue[ = N el Ucell (7)

Where N.; is the number of batteries connected in series, Ue.y is electrolyzer’s single cell voltage, /.
is the current produced in electrolyte, U,., is the reversible battery voltage, which changes slowly with
temperature and pressure, 71, r» are electrolyte’s Ohmic resistance parameter, s, s2, $3, t, &, 3 are
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electrode’s overpotential voltage parameters, 4. is electrode’s area, and T, is electrolyte’s
temperature. All parameters are decided by measuring. Electrical features are mainly decided by
voltage, current and temperature.

Electrolyzer’s thermal energy balance equation is as follows:

10 200
T=25°C G=1000W/m?
8] L
G=800W/m? 150
61 Power
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Figure 2. Characteristic curve of [-V and P-V for Photovoltaic cells under unequal irradiance

ar, . ) )
t_el 7; = Qgen - Qeliloxs - Qelicnol (8)
The volume of hydrogen produced in electrolyzer is as indicated in (9):

Nellel

2F ©)

Va, =n.(T,J)

Where Vi is hydrogen producing rate; 7 and J are environment temperature and current density; #
is their function; F is Faraday constant; /.; is EL current.
The hydrogen volume of hydrogen storage tank is:

Wy, =], Vi (10)

Where Wy is volume of hydrogen storage; ¢, are #, starting and ending period of producing
hydrogen.

t t
Pel(Z)ZPezoe B +})eloo[1_e TAJ (11)

Where P, is electrolyzer’s simulating actual power; P.y is electrolyzer’s power at initial state; P
is electrolyzer’s power towards the final state; z.; is time constant of electrolyzer’s circuit.

2.3. Model of Hydrogen Fuel Cell
FC module is composed of current collector plate, flow field plate, gas diffusion layer, catalytic layer
and proton exchange membrane. PEMFC’s single cell output voltage is as indicated in (12).

U/i‘, = Enernsl - Uacl - Uohm - Ucon (12)
Where Upc is module’s output voltage; Unems 1s thermodynamic electromotive force; U is

activation overpotential; U,un is ohmic overpotential; U.o, is the concentration overpotential.
According to ideal gas equation of state, the model of PEMFC gas flow is shown in (13).
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dp H, RT in react out
dt :V_(qHz ~4u, ~4n, )
an (13)
dp 0, RT react out

= V—(qéi —q5 —q")

cn

Where Vi and Venare the volume of anode flow field and cathode flow field of FC module; ¢j; and

g, are molar flow of input hydrogen and input oxygen; ¢;;* and ¢, are molar flow of hydrogen and

oxygen in reaction; ¢;;" and g, are molar flow of output hydrogen and output oxygen.

According the principle of conservation of energy, PEMFC’s thermal energy balance equation is
indicated in (14).

Q.srack = IJtot - IDﬂ - Qﬂ;cool - Q‘fciloss (14)

Where Qstacr 18 endothermic power of module, P is total power required for the module; Pe. is the
power of output module; O coor is thermal power taken away by the cooling water; O 1055 1S the
thermal power that module losses.

2.4. Model of Lithium Battery Energy Storage

Lithium-ion battery, with high specific energy and high specific power together, is characteristic of
good recycling capacity, efficiency, large current rate of charging and discharging. Lithium iron
phosphate battery is particularly suitable for large-scale of storage in power system. This paper built a
new equivalent circuit from the perspective of multi-complementary new energy power grid and its
application, which can exactly describe dynamic and static features based on lithium iron phosphate
battery. This new equivalent circuit will conduct comprehensive volume forecasting and take many
influencing factors into consideration. What’s more, it is simple in structure, easy to experiment, etc.

Structure topology of comprehensive new equivalent circuit is as follows:

Circuit on the left of figure 3 is to describe the time feature of battery operation, its essence is to
decide battery’s SoC (ration of available remaining capacity and maximum capacity). Capacity is
battery’s available capacity, /s is battery’s operation current. The voltage of Capacity is equal to SoC
in numerical value. SoC is the final output of left side circuit. Right side circuit is the typical resistant
capacity model, which is to describe the dynamic I-V feature in battery operation, and it is called
voltage response model. V. is the open circuit voltage under SoC’s control; Rseries represents the sum
of electrolyte in battery, electrode, current collector and other ohmic internal resistance. Rcyc is
recycling resistant, which shows that the ohmic internal resistance increases as the battery recycles.
Two RC circuit links are to describe long and short time constant’s response under the step excitation,
which are correspond to electrochemical polarization of electrolyte battery and concentration
polarization; V. is the equivalent circuit’s terminal voltage, which is the final output of the model.

Riserises Reye Rtransient-s ~ Rtransient-1
W

M Life prediction - Ctransient-s  Ctransient-1
’ [5)
Capacityinjt Capacity A\ &

pacityingt | - lp g = Vbatt
oatt calculate, 7 Z
»  Soc tracking
Toatt

il
-

Figure 3. Comprehensive equivalent circuit model of lithium-ion battery
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The above circuit parameters are all non-constant value. Theoretically they are the functions of
relevant factors, such as SoC, recycling times, temperature, etc. The actual modeling process can
simplify some factors while focusing on some other main factors. Equation (15) is a mathematical
model of hybrid circuit based the state of Vya.s and Viygn in two RC circuit links.

demn—s —_ Vtmn—s + [ball
dt ern—s tran—s tran—s
AV __ Vian-i n Ly (15)
dt Rtmn—l C tran—1 C tran—1
Vbatt = V:)c - Vtran—s - V;mn—[ -1 batt (Rz’yc + Rseries)

In the actual modeling process, and according to the actual function of left circuit, it is often to use
SoC’s calculation, in order to reduce the complexity of model. In (16), SoCi,: shows battery’s initial
state of charge, Cy. is battery’s available capacity. The SoC evaluation method is called Current
Integration Method.

SoC = SoC.

init

[ Dy 1 it (16)

Original model’s available capacity Cy. is taken as constant, which is very different with the actual
situation. Cye. is not only related to storage environment and recycle situation, but also closely related
to charging and discharging condition of battery.

3. Coordinated control strategy

The whole structure of active multi-complementary system based on photo-hydrogen storage is
indicated as figure 4. It shows that PV, electrolyzer, PEMFC and lithium energy storage are all
collected by DC-BUS. It is transferred to public power network by DC/AC grid-connected inverter.
According to the features of I-U, P-U and MPPT, its control equation is indicated in (17).

Pov |
PV L’,:\ = 7in DC link
Telr p,
Lel 7’] Pgrid
EL 1 N e S S
Tgia | S| Ss | Ss |
Ry L o Us
e
Pe) +
He Ife Up—=C A S I
FC T 7ch _ S
ICYS
Liib II‘_'b’
i
LIB T 1i?

Figure 4. The architecture diagram of multi-energy coupled system

kipv
Mpy = kppv * < (UMPP _UPV) (17)
DC-BUS voltage dynamic equation is shown as follow:
du,
c dtdc :IPV+IfciIlib_Iel_]grid (18)
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Electrolyzer and PEMFC control equation is shown as follow:

(19)
k[/'c
mfc = (kpfc +T]|:(1)gri 'PPV ) _Ijeli| PPV < Pgn‘d
Multi-complementary hybrid system power equation is shown as follow:
Pgrzd =Py + P/'c th,—F, (20)

The principles of multi-complementary hybrid system coordinated control are shown in figure 5.
This coordinated control block diagram can realize real time coordinated distribution of hybrid system
power towards each module. Under the collaboration of EL. module, LIB module and FC module, it is
to balance hybrid system’s remaining power and power shortage. By means of adjusting the volume of
consumption power of electrolyzer, it is thereby to ensure that LIB’s terminal voltage will operate
between the maximum value and minimum value (PV module’s output is 0 in cloudy and raining day.
Reducing the load can make sure that LIB’s terminal voltage operates within the safe range).

J

Joie
-redwo))

‘ HSY energy management

Figure 5. Diagram of multi-energy coupled system coordinated control

The control principle of each module in hybrid system:

PV module employs voltage loop control to realize the optimal power output. PV array output
current /,y is produced by light intensity G, environment temperature 7, and PV’s terminal voltage Upy.
Lyy is PV equivalent inductance; Upy mpp 1 the output voltage required for producing the optimal
power; D,, is the control signal of Boost converter.

Lithium-ion battery LIB module employs current loop control to realize consumption/supplement
of hybrid system for remaining power/power shortage. Ppys IS system’s active power imbalance;
Ulib_min and Ulip_max are the minimum value of super capacitor discharge depth voltage and maximum
voltage of charging depth. Ui, and Iy are SC terminal current and current; Pip rer and iy rer are
reference power and reference current.

El module employs current loop control to realize the reasonable consumption of electrolyzer for
hybrid system’s remaining power. Uq and /. are EL terminal voltage and inductor current; Pe rr and
1o refare reference power and reference current; Dy is the control signal of Buck converter.

FC module employs current loop control. HYS energy management center produces reference
power Pr rer, and it is divided by FC terminal voltage Uk, and thereby get the reference current ir rer.
PI controller, by means of error of if rr and if, is to produce control signal Dx.
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Grid-connected module D axis employs double loop control, voltage outer loop and current inner
loop, in order to guarantee that the DC-BUS’s voltage stabilizes at 800V; q axis employs current
single loop control to realize reactive power 0, quick and stable tracking. /4, /5 and eq, eq are dq axis’s
current and voltage; w and 6 are electrical angular velocity and phase-locked loop angle; Ugerer and Uge
are DC-BUS’s reference voltage and its actual value.

Control center system, through signal flow, examines, coordinates and controls hybrid system’s
operation situation. Therefore, there are stable network’s power, good quality of voltage and electric
energy and low light rejection ration. System power monitoring strategy is shown in figure 6.

B =By — L,

grid

Y- 0 N
e T

R/Je/’ = ‘Rﬂer‘ Pf(‘?r&/’ = ‘Pner‘

o =<

Peliref PeLN P fe_re

Figure 6. System power monitoring strategy
The analysis shows that the unbalanced power P_ of the system controls the operation state of the

electrolyzer and PEMFC, and the power control of the system is also constrained by the electrolyzer
P, , and constant power PEMFC,. .

4. Simulation and analysis
Building hybrid and grid-connected system of PV/hydrogen producing/hydrogen fuel cell/lithium
battery in PSCAD/EMTDC. System’s main parameters are in Table 1.
Table 1. Parameters of EL unit.
Parameter  Value  Parameter Value

7 7.3e-5 &) -1.1e-
7

S1 1.6e-1 52 1.38e-
3

3 -1.6e-5 t 1.60e-
2

143 -1.3 13 4.12¢e2

A 0.25 ai 99.5%

a) -9.58 as -0.056

daa 1502.7 das -70.8

Nel 21 Tel 25

Simulation condition 1: PV output (P,,=0.26MW) and fuel cell (P=0.1MW) are always larger
than sum of line side load demand (P=0.1MW) and EL (Ps=0.1MW) consumption power. At this
moment, system’s remaining active power is Pous—PpvtPi-Pg-Pa=0.16MW, LIB reacts quickly to
absorb system’s remaining active power Ppys , LIB is in charging state, and at this moment, LIB
absorbs system’s remaining active power Piiv=Pous, as the charing time of LIB increases, its terminal
voltage U (0.4kV) keeps increasing, when simulation reaches 2s moment, Uiy=Ulip max (0.5kV), at
this moment, LIB quits the operation. EL consumption system power increases to Pe=Ppyt+Pre-
Py(0.26M W). The result of simulation is shown as follows:
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Figure 9. The output power of PV, EL, FC, LiB
Simulation condition 2: Lithium-ion battering directly side connects the inverter controlled by VF.
VF control’s reference voltage 0.38kV, frequency 50Hz, AC-BUS connects to the inverter controlled
by VF, connecting to load 1 between 0-1s, power is 90kW; connecting to load 2 at 1s, power is 100kW,
By connecting to load 2, it is to test and verify the discharging result of lithium-ion battery and VF
inverter’s controlling effect.
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Figure 10. The output active and reactive power of lithium-ion battery



ICAESEE 2018 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 237 (2019) 042023  doi:10.1088/1755-1315/237/4/042023

= PL1 = QL1
0.15
Z 0.10
2 posdf
= 0.05
L
Z
8 0.00
-0.05
t/'s
Figure 11. The active and reactive power of load 1
= PL2 = QL2
0.12 A
£
S 0.08
S 004
o
A~
0.00
tls

Figure 12. The active and reactive power of load 2
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Figure 13. The SoC of lithium-ion battery
According to figure 10-13, after connecting to load 1 and load 2 respectively, and by means of
inverter controlled by VF, lithium-ion energy storage can quickly track and smooth system’s power
fluctuation, and keep system’s voltage and frequency stable, and thus guarantee the quality of electric
energy.

5. Conclusion
The result of simulation leads to the following conclusion:

1) The coordinated control strategy proposed in this paper can make PV power system’s output
controllable and its network power stable. The DC-BUS’s voltage can be stabilized at 800V.

2) By means of coordination collaboration of PV module, EL module, FC module and LIB
module in energy management system, LIB can charge and discharge in safe way under three
conditions of PV output fluctuation. FC can control its power output according to the production of
hydrogen. El can quickly operate and quit according to the situation.

3) Compared with PV module single grid-connected power, multi-complementary hybrid power
system increases PV utilization and hydrogen energy utilization, which are totally compatible with the
requirement of green energy development.

Funding: The research is supported by Research on Key Technologies of Multi Energy
Complementary New Energy Power Station Regulation and Control.
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