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ABSTRACT

The external electrical characteristics of the lithium battery, PV generator, hydrogen pro-
duction unit (HPU) and fuel cell in islanded AC microgrid are well analyzed with mathe-
matic models, based on which an energy management system among the abovementioned
elements is proposed by using the bus frequency signaling. Specifically, the functions of
lithium battery with the variables of the residual capacity and instantaneous working
power are well designed to deliver its operation information to other units. The P-f droop
control strategy is designed for the PV generator to make it adaptively work off from the
maximum power point to the reference power point. The control strategy of HPU can make
it work from the maximum efficiency point mode to the allowable maximum power point
mode to absorb PV output power as much as possible when the lithium battery is almost
getting full charged. Similarly, the fuel cell controller can regulate its power generation
from the maximum efficiency point mode to the maximum power point to supply the local
load as much as possible when the lithium battery is almost getting full discharged. Finally,
the proposed energy management system is verified based on RTLAB experimental plat-
form to show the effectiveness of the proposed coordination control strategy.
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Introduction

The distributed renewable energy generation technology has
been deeply researched to supply power for the islanders or
remote villagers [1-4]. Because renewable energy sources
(RES) can be usually obtained inexhaustibly in the local place
and exploited without pollution. Besides, the long trans-
mission lines and power towers from the main grid to users
are avoided. Especially, the AC microgrid has been widely
focused and applied with advantages [5—8]. AC microgrid can
be accessed directly to the widely used AC household appli-
ances without changing their habits. Furthermore, AC
microgrid is very compatible with the traditional main power
grid, and its flexibility and expansibility can improve the
power quality and reliability of the power supply.

However, there are also some shortcomings that hinder
the promotion of the distributed generation in AC microgrid
[9—13]. The fluctuation and intermittence of RESs damage the
safe operation of the system, and the power generation
characteristics of RESs don’t match the load characteristics
very much. Furthermore, the access of a large number of RESs
will change the traditional power flow direction and challenge
the relay protection [9,10]. Therefore, there exists large
curtailment or abandoned phenomenon of the RESs in prac-
tice [11,12]. Normally, a lithium battery is employed to address
the abovementioned disadvantages. It owns the merits of high
efficiency, high power density, long lifespan and fast dynamic
response, but the expensive price and safety issue should
deserve careful consideration [13]. In summary, the lithium
battery with an appropriate capacity is generally configured in
the microgrid, which can suppress the power fluctuation,
absorb the power from RESs in the charging condition and
release the power to supply the local load in the discharging
condition. But it is very expensive and uneconomical to use a
large-capacity lithium battery to absorb the renewable energy
power.

The technology of the alkaline electrolysis system for
hydrogen production unit (HPU) under the action of platinum
catalyst has been focused by many Energy Administrations
around the world [3,14—16]. Compared with pumped-storage
hydro [17], phase-change material storage [18], flywheel en-
ergy storage [19] and superconducting energy storage [20], etc,
HPU technology has low requirements for geographical loca-
tion and environment factors, and the acceptable price and
the compact volume can promote its wide application in a
modular way. Besides, HPU achieves the long-term and large-
capacity power absorption, which can solve the power
curtailment problem of RESs. Furthermore, HPU requires not
very much for the power quality that can tolerate the short-
comings of RESs. Moreover, the hydrogen energy is widely
required in metallurgy, medical treatment, fuel and other in-
dustries. Meanwhile, the hydrogen energy can be fed back to
the power grid through the fuel cell. Thus, the hydrogen en-
ergy becomes the junction of electric energy, chemical energy
and thermal energy, which can effectively promote the
comprehensive development of ubiquitous Internet of Things.

The well-designed energy management system for micro-
grid is very significant to promote the coordination operation
among the different elements. The state-of-art research

methods are investigated as follows. Ref. [21] Proposed a
distributed control strategy based on the dc bus signaling for a
modular PV generation system. But the dc bus voltage may
fluctuate because of the frequent switching among various
modes. Ref. [22] Proposed a mode-adaptive decentralized dc
microgrid control strategy which owns the merits of seamless
mode transition and reliable power sharing. But it is assumed
that the state of charge (SoC) of the storage is always in a safe
range. In addition, ref. [23] Proposed a double-quadrant SoC-
based droop control method for distributed energy storage
system to reach the proper power distribution in the autono-
mous dc microgrids. Ref. [24] Proposed a decentralized control
method to realize the generation-storage coordination based
on the dc bus voltage signaling. But the dc bus voltage is easily
affected by the line resistances in the abovementioned dc
microgrid and would degrade the control accuracy of the en-
ergy management system. In addition, a very large-capacity
storage battery is necessary to suppress the fluctuation of
the voltage and consume the surplus RES power. Meanwhile,
ref. [25] Presented a control-oriented modeling of an electro-
lyzer and the auxiliary system for the hydrogen-production
process, which can assess the active wind-energy conver-
sion system. Ref. [26] Proposed an optimal stochastic coordi-
nated scheduling method for the distributed RES generation
with consideration of the hydrogen storage to consume elec-
tric power. Ref. [27] Presented a detailed case to show the
potential for producing hydrogen in Brazil by using excess
energy from hydroelectric and wind farms. But these litera-
tures didn’t talk about the short-term control with consider-
ation of their electrical characteristics. Ref. [28] Proposed a
model predictive control technique to coordinate the opera-
tion of PV generator, wind turbine and storage battery in the
microgrid, but the hydrogen storage wasn’t considered in the
energy management system. Ref. [29] Designed the decen-
tralized coordination control among the PV/battery/HPU/fuel
cell in the islanded AC microgrid, but the external electrical
characteristic of the fuel cell was not considered. The sum-
mary of the presented methods is concluded in Table 1.
Compared with presented researches in Table 1, the
contribution and novelty of this paper are illustrated as fol-
lows. This paper proposes a well-designed energy manage-
ment system for the islanded AC microgrid including the
lithium battery, PV generator, HPU and fuel cell with consid-
eration of their respective electrical characteristics. The

Table 1 — Comparison with existing methods.

A B C d e F g h
Ref. [21] X X v X X X X X
Ref. [22] X X X X X X X
Ref. [23] X X v X X X X
Ref. [24] X X v v X X X
Refs. [25—27] v JoooX X X X X
Ref. [28] v v v X X X X X
Ref. [29] Y A A |
This paper 4 v 4 v v 4 4 v

a: AC microgrid; b: avoid the influenced by line resistances; c: SoC
protection; d: Over power protection; e: Decentralization; f: Large-
capacity consumption of electric power; g: Energy conversion effi-
ciency of HPU; h: Electrical characteristic of the fuel cell.
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external electrical characteristics of the abovementioned el-
ements are first analyzed in detail according to their mathe-
matic models. Then the overall energy management system
and the corresponding control strategy of each element are
proposed based on their models. As for the lithium battery,
the SoC and the instantaneous working power are considered
in the designed functions, which can avoid the battery to be
overused or damaged. As for PV generator, the P-f droop
control is applied to make it work from maximum power point
(MPP) mode to the reference power point (RPP) mode seam-
lessly. As for HPU, the energy conversion efficiency is taken
into consideration, and the control strategy can make HPU
work from maximum efficiency point (MEP) mode to MPP
mode adaptively. As for the fuel cell, there also exists an MPP
in the output power curve, thus the control strategy will
regulate the power generation from MEP mode to the allow-
able MPP mode to help the battery supply the local loads.
Finally, the proposed control strategy in the energy manage-
ment system is verified based on the RTLAB experimental
platform in various situations.

Model constructions and analysis
Model of the lithium battery

When LiFePO, battery is in charging process, Li* in the posi-
tive electrode migrates toward the negative electrode through
the polymer membrane. When in discharging process, Li*
moves in the reverse direction. The chemical equation in the
charging or discharging process is explained as

LIFQPO4

charge | .

= Liq_x) FeOs + XLi" + xe”

discharg (1)
. charge .

6C + xLit + xe- = LiyCs

discharge

{Positiue :
Negative :

The lithium battery generally owns the robust external
electrical characteristic, which can be similarly regarded as an
ideal voltage source. But the equivalent resistance and
capacitance are influenced by the remaining capacity of bat-
tery. Therefore, the SoC of the lithium battery should be
considered in the control strategy. The equivalent circuit of
lithium battery is shown in Fig. 1, and the external electrical
model is [30,31].

RP
| —
L T .
1 lb
B >0
C +
R, T
N I
%
p

Fig. 1 — Equivalent circuit of lithium battery.

Up(t) = Vo — V¢, (t) — Re 1y (t), where Ve, (1)

t-ty

Rpib(t) 1 — e ®BY <t <ty (2)

t—t-
ch (tl)e 7ﬁ7 ti<t<t
where vy(t) is the terminal voltage, i,(t) is the working current,
Rq is the series resistance, R, is the parallel resistance, C, is the
parallel capacitor, V,. is the open circuit voltage. The battery
discharges during to<t < t;, and the rest in t <t < t,.

Model of PV generator

Photovoltaic (PV) generation technologies have been studied
for deeply and the PV scale has been developed rapidly in
recent decades of years. The global PV installed capacity
increased more than 100 GW year-on-year in 2019, and it
continues to maintain this growth rate in the future. The
external electrical characteristics of the PV system can be
expressed as [32,33].

Ppy = Upy Iy ®3)

. G
i = o0 s No + 0.0038N, (T — 25)]

_ [leNp + 0.0038N, (T — 25)] Up + 022k No /Np\
exp (Vo q/aNkT) — 1 N;aNkT/q

(4)

where Py, is the total PV output power, i,y is the total working
current, v, is the total terminal voltage, I is the short-circuit
current of each PV panel, V,. is the open-circuit voltage of each
PV panel, N, is the parallel number of the PV panel, N; is the
series number of PV panel, G is the irradiance intensity, T is
the working temperature, g is the electronic charge, k is the
Boltzmann’s constant, N is the number of PV cell in each PV
panel, a is the ideal parameter of the diode.

According to Egs (3) and (4) as well as the parameters in
Table 2, the influences of the working temperature and irra-
diance intensity on the external electrical characteristics of PV
generator are shown in Fig. 2. From Fig. 2(a) and (b), the low
temperature contributes to the PV power generation, but the
overall influence of the working temperature on the electrical
characteristics is very limited. It is because the ambient
temperature will not change much in a short time. Besides,
the wind can take away the working heat of the outdoor PV
panels.

By contrast, it can be found from Fig. 2(c) and (d) that the
stronger irradiance can produce larger short-circuit current
and output power. Because parts of PV panels are in series

Table 2 — Parameters of the model of PV generator.

Component Value Component Value
I 821 A Voe 329V

N, 27 Ns 10

N 54 A 1.4284

Q 1.6e—19 eV s K 1.38e-23 J/K
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Fig. 2 — Influence of the temperature and irradiance on the electrical characteristics of PV generator.

connection, the shadow not only reduces the working current
of the individual PV panel but also degrades the whole PV
power generation of the series group. Therefore, the PV panels
should be installed on the roof or outdoor so that they can
avoid to be shaded by trees or buildings. Furthermore, PV
panels should be installed in places with sufficient sunshine
throughout the year, and the sufficient clearance is reserved
between PV panels to avoid the shadow from the interlaced PV
units.

Model of HPU

The chemical reaction principle is explained as that the pure
water (H,0) is electrolyzed to produce chemical hydrogen ions
(H") and hydroxyl ions (OH) under the platinum catalyst. The
H* in the cathode can combine with electrons (e”) to produce
hydrogen, and the OH™ in the anode produces oxygen by
oxidation, which is expressed as

% KRy(1 — BT)

{Cathode: 4H,0 + 4e” = 2H, 1 + 40H (5)

Anode: 40H™ — 4e- = 2H,0 + O, ¢

HPU achieves large-capacity and long-term absorption of
electric energy, which can solve the abandonment of renew-
able power generations. Besides, HPU requires not much
power quality of RESs and is becoming a potential energy hub
to develop many industries. The external electrical charac-
teristics of HPU are expressed as [34,35].

(6)

Pp=vniy

19 T) i
Aele "

t: t a .
2 2 3
+ (51 + 82T + 53T )logKtl tTtE T Aele>lh + 1})
)

Up = N<1.253 — 24516e° T + <r1 +

x 100%

2FVyey + 2F(1 — 2) % i + (s1 + 8T + s3T2)log

t t
t+ £+ 7_32
Adle

+ a.
2FTS
i+ 1|+ &
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Table 3 — Parameters of the model of HPU.

Component Value Component Value Component Value
I 2.3e-3 it —1.3029-2 A 0.25 m?
Ty —1.107e-7 ts 2.513e-3 N 100
1 1.286e-1 A 3 8 2.98e-3
S 2.378e-3 F 96,485 C mol™ Ry, 284.7 kJ mol™*
S5 —0.606e-5 ) 2 S 90J mol K ?!
t1 3.559 K 1300 A 0.3
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Fig. 3 — Analysis results of hydrogen production unit.

The variables are explained as follows. Py, is the absorbed
power. vy is the terminal voltage. i, is the working current. N is
the number of the electrolyzer. T is the working temperature.
A, is the cathode plate area. K is electrochemical equivalent
coefficient. F is the Faraday coefficient. Ry, is the calorific value
coefficient of hydrogen. S is the entropy value. 1 is the thermal
dissipation coefficient. rq, 1o, S1, Sa, S3, t1, to, t3, @, and B are the
correlation coefficients.

Based on the above equations and the parameters in Table
3, the intuitive diagrams are drawn as Fig. 3 to clearly show
their relationship. Fig. 3(a) shows the relationship among the
terminal voltage, working current and the working temper-
ature. It can be found that the terminal voltage increases
rapidly with the increase of the working current at first
because of the reversible voltage formed in the chemical re-
action. Then the terminal voltage increases slowly with the

working current. The high temperature will degrade the
terminal voltage and reduce the power absorption. But the
power consumption will increase with the working current
and the working temperature on the whole as shown in
Fig. 3(b).

The energy conversion efficiency from electric energy to
chemical energy is drawn in Fig. 3(c). The energy conversion
efficiency increases first and then decreases slowly with the
increase of the working current. It is because the auxiliary
equipments such as pumps and solenoids consume part of the
electric energy, and the energy conversion efficiency will in-
crease with the power consumption of HPU. However, the
high working current also causes the serious ohmic polari-
zation and concentration polarization phenomenon, which
will produce the energy loss, suppress the chemical reaction,
and degrade the energy conversion efficiency.
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Model of the fuel cell

Hydrogen gas (H,) can be converted into hydrogen ions (HY)
with the catalyst and the H* will diffuse to the cathode plate
and produce water (H,0) with the oxygen (O,) in the air. The
principle of the fuel cell is shown as

The fuel cell can support the key load when SoC of lithium
battery is very low at night. In addition, the large-capacity
storage of hydrogen gas will cause leakage and safety issues,
hence the fuel cell is necessary to consume the hydrogen gas
and feedback power to the microgrid. The external charac-
teristics of the fuel cell is written as [36,37].

Anode : 2H, — 4e” = 4H"

Cathode : O, + 4H" + 4e~ = 2H,0 ©)

Pfc = Vg I.fc (10)

[1.299 — 85 x 104(T—298.15) — 4308 x 10° T(InPy, + 05InPy,) — 6, —

(52 +2 x 10*InA + 45 x 107°In (PHZ x 9.17 x 1077 x e¥>>T — 3 Tln (Poz x 1.97 x 1077

to a large terminal voltage a little, but it is very limited. From
Fig. 4(b), the working current has much more influence than
the temperature on the power generation, and there exists a
peak power point in each curve.

Energy management system of the islanded AC microgrid

The bus frequency fpys of the AC microgrid is supported by the
controller of the lithium battery. There are three kinds of key
cases in the energy management system as shown in Fig. 5.

(i) The battery is overcharged in the sunny day. When the
PV output power is much more than the power con-
sumption of the local load and HPU, the surplus power
will flow into the lithium battery. When the SoC and
instantaneous power of the battery are in the safe
range, fyus Will remain at the rated value f,,. If the SoC or

e

+&
N————

(1)

Ve =1 p T \2/i\2°
e 3
. 181.6|1 + 0.03 A + 0.06(303) (A) I
—04Tlnie — [ Ry + -
Ifc T — 303
[o — 0.634 — 3<X>exp<4‘18 T A
_ Yk
nmax - SHZL (12)

The variables are explained as follows. Py is the power
generation. g is the terminal voltage. ir is the working cur-
rent. N is the number of the fuel cell. A is the cross-section
area of the membrane interface. Py, and P, are the pressure
values of hydrogen and oxygen flowing into the fuel cell. L is
the equal voltage of lower heating value of hydrogen. Sy, is the
hydrogen stoichiometry. 64, 65, 63, 64, My, My, o, Ry are the
empirical coefficients.

Based on above equations and parameters in Table 4, the
relationships among the voltage, current, temperature and
power are drawn as Fig. 4. From Fig. 4(a), the terminal voltage
decreases with the increase of working current on the whole.
Because the large working current causes ohmic polarization
and concentration polarization, which will degrade the ter-
minal voltage. The high working temperature can contribute

. mzifc
ip — mexp( — —

instantaneous charging power exceeds the setting
value, fiys Will increase correspondingly. When fp,s is
increased from f, to f;, HPU will perceive the change of
frequency and adjust its working condition from MEP
mode to MPP mode to absorb much more power.
Meanwhile, PV generator still works at the MPP to
generate power as much as possible. When fs in-
creases from f; to f5, it means that HPU cannot consume
the extra PV power even though it operates at the
allowable MPP. Then PV generator will adaptively work
off from the MPP to suppress the continuous increase-
ment of the bus frequency. Finally, the battery is
floating charged and PV generator supplies the local
load and HPU.

The battery is over discharged in the cloudy or thun-
derstorm day. The PV output power is very limited
because the irradiance is relatively weak in the cloudy

(i

=

Table 4 — Parameters of the model of fuel cell.

Component Value Component Value Component Value
61 —0.4185 b 15.9 A 50 cm?
03 0.0135 R, 4e-5 N 70

5y 0.2 m 0.2083 S 1.15

04 -4e-5 my 50.73 L 1.25
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Fig. 4 — Analysis results of fuel cell.
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Fig. 5 — Flow chart of the energy management system.

day. The battery needs to discharge to help supply the
local load and HPU. If the SoC or instantaneous dis-
charging power exceeds the setting value, fpys will
decrease correspondingly. When fy,,s is decreased from
fn to f3, HPU will detect the bus frequency and stop
working. Then PV generator will supply the local load
and the extra power flows into the battery. Once the
irradiance is getting restored, the large surplus PV
output power will continue to charge the battery and
make the SoC increase rapidly. If fi,,s restores to the
setting value f;, HPU will operate again.

(iii) The battery is over discharged at night. PV generator
stops working in the evening, and the battery and fuel
cell supply the local load. It should be pointed out that
the fuel cell shouldn’t be worked with the PV generator
and HPU at the same time because of the low energy
conversion efficiency from power to gas and then to

power at the same time. The fuel cell helps battery
supply the important load until the next day. Therefore,
when SoC and instantaneous discharging power of the
battery are in the safe range, fy,s Will work at the rated
value and the fuel cell will work at MEP mode with a
relatively small power generation. When SoC decreases
under the safe range, fy,s decreases from f, to f;. The fuel
cell will adaptively regulate its working point from MEP
to the allowable MPP seamlessly. Finally, the fuel cell
will supply the key loads until the next day. The SoC
stops decreasing, and f,,s remains unchanged.

Control strategy of the lithium battery

The lithium battery plays as an essential role to support the
bus voltage and balance the instantaneous power in the
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Fig. 6 — Control strategy of the lithium battery.

islanded AC microgrid. A small capacity of battery is config-
ured to save the cost and rich the working conditions here.
The control strategy is shown in Fig. 6. The f,,s and voltage
maghnitude are controlled at the rated values in this controller.
There are two functions of the SoC and instantaneous power
respectively, which are designed to superimpose the results
into the frequency reference value. Therefore, the information
of the SoC and instantaneous charging or discharging power
of the battery can be delivered to other elements in this way.
The SoC of the battery is
SoC = SoCeo — — / Pdt (13)
Gy .

where SoC;_o, Cp, P are the SoC at t = 0, power capacity and
input power respectively.

When the SoC is between SoC; and SoC,, the output result
of the function is zero. The battery can continue to charge or
discharge in this condition, and fp,s remains at the rated value.
When SoC exceeds the setting value, the well-designed
function will transmit this information to other units. The
function with the variable of SoC is expressed as

Rsoc (S0C — SoC,); if SoC > SoC,
f(SoC) = 0; if SoC; < SoC < SoC,
ksoc (SoC — SoCy); if SoC < SoC;

(14)

where kg, is the designed coefficient, SoC, and SoC; are the
upper and lower setting values.

The large instantaneous charging or discharging power
would damage the inverter even though the SoC is in the safe
range. Itis defined that the charging power is negative and the
discharging power is positive. When the charging power P, is
larger than the negative reference value —P*, the output result
is zero. It means the charging power magnitude is in the safe
range. When Py, is smaller than —P*, the output result will be
linear with the charging power and cause the increasement of
the bus frequency. It is similar in the discharging condition. In
summary, the function with the variable of instantaneous
power is designed as

[0 if Py > —P°
fPa) = {kp(_ Py — P): if Py < —P' (15a)
f(Paisen) = {O; if Paisen < P 350 (15b)
kp(P - Pdisch); lfpdisch P

where k, is the designed coefficient, Py and Pgs, are the
charging and discharging powers respectively, P* is the
allowable maximum power value.

It should be noticed that the charging power would be very
large in a low SoC condition when the PV generator starts to
work in the morning. In addition, the discharging power
would be also very large in a high SoC condition when PV
generator stops working in the evening. The large instanta-
neous working power would damage the inverter and shorten
its lifespan. Therefore,Eq. (15) can deliver the information of
the instantaneous power to other elements so that HPU and
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PV generator can response to avoid the overcharging and over
discharging issues.

Control strategy of PV generator

PV generator is connected to the AC bus through a two-stage
inverter as shown in Fig. 7. The first stage is used to achieve
the maximum power point tracking (MPPT) algorithm. The
second stage is used to finish the inverting process and power
transmission. When f;,,s is below the setting value f;, the
output result is P,. It means the AC microgrid system can

consume the maximum power generation of PV generator.
When fy,,s increases from f; to f,, it means the PV output power
is more than the power consumption of the local load, HPU
and battery in the system. Then the PV generator needs to
decrease its power generation with the increase of the bus
frequency. The P-f droop control strategy is designed as

Pref =Py — kpv (fbus - f‘l)
P (16)
fo—h

where ky,, is the decreasing slope of the reference power, Py, is

Ry =
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the maximum output power of the PV generator, f, is the
allowable maximum bus frequency.

The designed control strategy of PV generator can not only
guarantee the maximum power generation, but also ensure
the stability and reliability of the energy management system.
Since the balance of the power flow is preferred to be focused
in this paper, MPPT can be achieved by using the traditional
perturbation and observation (P&O) algorithm and it is not
discussed here.

Control strategy of HPU

HPU can convert the electric energy into the clean hydrogen
energy, but the energy conversion efficiency is very important.
From the analysis in Section Model of HPU, the power ab-
sorption of HPU increases with the increase of the input cur-
rent, but the energy conversion efficiency increases first and
then decreases with the increase of the input current. The
control strategy of HPU with consideration of MEP and MPP is
shown in Fig. 8.

When fy,,s remains at the rated value f,, HPU works at the
maximum efficiency value nmax With a relative small power
consumption. It means the SoC of the battery is in a relatively
low condition, and the surplus PV output power can be
absorbed by the battery totally. When f},s increases from f, to
f1, the SoC of the battery is in a relatively high condition, and
HPU needs to increase its power consumption to balance the
floating power. Finally, HPU will operate at the allowable MPP
in this situation at the cost of some energy conversion effi-
ciency. The output result is demonstrated as

Nref = TMmax — Rn X (fous — ),
{ kh _ Mmax — "min (17)
fl - fn
where kj,, is the decreasing slope, 7max and nmin are the
allowable maximum and minimum efficiency values.

In addition, when fp,s decreases to the setting value f3, the
output resultis zero. It means that the SoC of the batteryisin a
relatively low condition because of the continuous discharg-
ing process, and HPU needs to be cut out to ensure the supply
of the important local loads.

Control strategy of the fuel cell

It is normally economic to configure a small-capacity battery
with a fuel cell in the AC microgrid system. In addition, the
produced hydrogen gas needs to be used by the fuel cell,
which works as the back-up power to help the battery supply
the key load at night. According to the analysis in Section
Model of the fuel cell, the power generation of the fuel cell
increases first and then decreases with the increase of the
input current, hence the MPP needs to be considered in the
control strategy. Besides, the MEP usually locating at the left
part of MPP should be also taken into consideration. The
control strategy of the fuel cell is shown in Fig. 9. When fyys
remains at f,, the output power reference is Py,p. It means that
the SoC of battery is relatively enough, and the fuel cell works
at MEP to help supply the local load. When the bus frequency
decreases from f, to f3, the output power reference is shown as

Prf = Prep + kfc(fn - fbus)
Prpp — Prmep

fn _f3

where kg is the increasing slope of the reference power, Py is
the power generation at MEP, P,,,, is the power generation at
MPP, f5 is the allowable minimum bus frequency.

From Eq. (18), the reference power value of the fuel cell will
increase from Py, to Py, With the decrease of bus frequency
from f, to f5. Finally, the fuel cell will help battery supply the
key load until the next day. It should be pointed out that the
large-capacity fuel cell can help supply much more loads, but
a relatively small capacity of the fuel cell is designed here to

o (18)

i L ?) rot Yo 2 pla Juo jac

S Y Vea bus

, 12228 g 3 i
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Fig. 9 — Control strategy of the fuel cell.
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Table 5 — Parameters of the AC microgrid system.

Component Value Component Value Component Value
Lithium battery Vi 800V L 1mH C 2000 pF
Vare 311V SoCy 80% SoCy 30%
f 50 Hz fi 50.4 Hz f 50.5 Hz
f3 49.5 Hz i 49.9 Hz T, 0.001
Rsoc 0.3 kp le-6 Rup.a 0.8
kui,d 100 kip,d 1 kup,q 0.8
ki g 100 Rip_q 1
PV generator Cpv 500 pF Lac 2 mH Cac 1000 pF
Rup 5 Ryi 200 kip 0.001
L 2000 mH C 2000 pF Vares 600 V
Rpy 2¢e4 Tpy 0.001 Rup_d 1
kvi,d 10 kip,d 1 kip,q 10
Rii g 100
HPU Mg 4 mH Cae 2000 pF kip 1
kit 200
L 1mH C 1000 pF Rop_a 1
kui,d 10 kip,d 1 kip,q 10
Rii_q 100 Rn 4
Fuel cell Mg 4 mH Cie 2000 pF kip 1
Rij 200
L 1mH C 1000 pF Rop_a 1
kui_d 10 kip_d 1 kip_q 10
kﬁiq 100 kfc 1.8e4

rich the working conditions. Therefore, some unimportant
loads should be cut out at the same time.

In summary, the control strategies of the lithium battery,
PV generator, HPU and fuel cell are designed with consider-
ation of their electrical characteristics respectively in this
section. The SoC and instantaneous power of the battery are
considered in the control strategy to guarantee the safe
operation. The P-f droop control of PV generator is designed to
make it work off from MPP to RPP adaptively. The energy
conversion efficiency of HPU is considered in the control
strategy. When the PV output power is relatively limited, HPU
will work at MEP with a small power consumption. When the
PV power generation is very large, HPU will adaptively regu-
late the power absorption from MEP to the allowable MPP. As
for the fuel cell, when the SoC of battery is very enough, the
fuel cell will work at MEP to guarantee the high energy con-
version efficiency. When the SoC of battery is very low, the
fuel cell will work from MEP to the MPP adaptively to help the
battery supply the local load until the next day.

Control results

RTLAB is an industrial real-time platform which can calculate
the high dynamic and real-time model, especially for the
complex problems that require high fidelity response and high
accuracy. The AC microgrid system containing the lithium
battery, PV generator, HPU, fuel cell and local loads is built in
RTLAB version 11.2.2.108 experimental platform based on the
parameters in Table 5. The results are presented as follows to
verify the energy management system applied in the islanded
AC microgrid in various kinds of situations.

Control results in the sunny day

The control results in the sunny day situation are shown in
Fig. 10. Fig. 10(a) shows the waveform of the bus frequency fpys.
Fig. 10(b) shows the waveforms of the PV output power Ppy and
the three-phase inductive current ipy. Fig. 10(c) shows key
waveforms of HPU including the energy conversion efficiency
n%, power absorption Pypy, and the three-phase inductive
current irgpy. Fig. 10(d) shows the local load waveform.
Fig. 10(e) shows the waveforms of the battery containing the
SoC, instantaneous charging power P, three-phase inductive
current iyp, the function results 6SoC and ¢6P. The waveforms
are divided into four stages.

During stage I, the SoC increases from 72% to about 80%,
and the bus frequency almost keeps at 50 Hz. The PV gener-
ator works at the MPP mode and the output power is about
45 kW in the morning. The local load is about 20 kW. HPU
works at the MEP point. The energy conversion efficiency is
about 70% and the power consumption is about 20 kW. The
surplus 5 kW will flow into the battery. Because the SoC and
the charging power are in the safe range, the function result 6P
of Eq. (15) is zero. In addition, the bus frequency fluctuates a
little. But it needs a transition process for other elements to
perceive and response to this variation. In fact, the stage I
appears most of the time in practice, but a small-capacity
battery is configured here to rich the working conditions.

During stage II, the PV output power increases rapidly
because the irradiance density increases from 600 kW/m? to
1000 kW/m? The SoC of the battery increases immediately
because the surplus PV power flows into the battery, which
will cause the increasement of the bus frequency. HPU per-
ceives the variation of the bus frequency and adaptively works
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Fig. 10 — Control effectiveness in the sunny days.
off from the MEP to increase power absorption as much as result 6P is very large at the moment of the increase of PV
possible. Finally, the PV output power is about 63 kW. HPU power, but finally decreases to zero because the charging
consumes about 32 kW. The local load consumes about 20 kW, power is limited in the safe range.
and the surplus PV power will flow into the battery. The During stage III, the bus frequency continues to increase

function result 6SoC increases with the SoC. The function because of the charging condition, and PV generator
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Fig. 11 — Control results in the cloudy or thunderstorm day.
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adaptively reduces its power generation and works off from
MPP mode. Finally, the PV output power is about 52 kW. HPU
works at the allowable MPP mode and consumes about 32 kW.
The local load consumes about 20 kW.

During stage IV, the load is increased to 34 kW, and the bus
frequency is increased because of the discharging condition.
Finally, the PV generation is about 63 kW, and HPU consumes
29 kW. Therefore, the lithium battery is floating charged. The
function result 6SoC decreases with the SoC, and the function
result 6P is zero finally.

Control results in the cloudy or thunderstorm day
The control results in the cloudy or thunderstorm day are

shown in Fig. 11, in which the variables are the same as thatin
Fig. 10. The PV output power is limited because of the weak

11T

irradiance in the cloudy weather, and the battery discharges
to help supply the local load and HPU. The waveforms are
divided into five stages.

During stage I, the SoC is still larger than 30% in the dis-
charging process, hence the bus frequency keeps at 50 Hz. PV
generator operates at the MPP mode and the power generation
is about 30 kW. The discharging power of the battery is about
15 kW, and the power consumption of the local load is about
25 kW. HPU works at the MEP mode and consumes 20 kW.
Both the function results of Egs (14) and (15) are zero as shown
in Fig. 11(e).

During stage II, the SoC is continuous to decrease in the
discharging condition and to cross over the setting value
gradually. The AC bus frequency is reduced gradually because
of the function result 6SoC. But because fyys is still larger than
the setting value, HPU continuously works at MEP mode.
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Fig. 12 — Control effectiveness at night.
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During stage III, the AC bus frequency decreases to the
setting value 49.5 Hz, hence HPU is cut out adaptively. In this
situation, PV generator will supply the local load and charge
the batteryat the same time. The PV output power is still
30 kW. Some unimportant load is cut out because the battery
is configured with a small capacity, and the localload is 15 kW.
The charging power is about 15 kW and the SoC will increase
during this time. Because the function result 6SoC increases
gradually, the bus frequency increases accordingly. The
function result 6P is still zero.

During stage IV, HPU is put into operation again because
the bus frequency increases to the setting value 49.9 Hz. In
this situation, the PV output power is 30 kW. HPU works at
MEP mode and consumes 20 kW. The local load remains at
15 kW. Therefore, the discharging power of the battery is
about 5 kW. Then the bus frequency will decrease according to
the function result 6SoC.

During stage V, the strong irradiance is restored and the PV
power generation is about 60 kW. Because the local load is
15 kW and HPU consumes 20 kW, there is extra 25 kW flowing
into the battery. For one thing, the SoC increases rapidly and
the function result 6SoC will increase accordingly. For another
thing, the charging power exceeds the setting value and the
function result 6P is produced thereby. But the SoC is relatively
low, therefore a long period is necessary for the charging
process. Then the working condition is transitioned to the first
case.

Control results at night

The control results at night are shown in Fig. 12. Fig. 12(a)
shows the waveform of the bus frequency fp,s Fig. 12(b) shows
the waveforms of the fuel cell containing the power genera-
tion and three-phase inductive current. Fig. 12(c) shows the
local load waveform. Fig. 12(d) shows the waveforms of the
battery including the same variables as above-mentioned
cases. The waveforms are divided into four stages.

During stage I, because the SoC of the battery is still rela-
tively enough in the discharging process, f,us continues to
remain at 50 Hz. The fuel cell works at MEP mode to guarantee
the high energy conversion efficiency, and the power gener-
ation is 7 kW. The battery discharging power is about 10 kW.
The local load is about 17 kW. Because the SoC and the dis-
charging power are in the safe range, the function results 6SoC
and 6P are both zero. The duration of this process is deter-
mined by the capacity of the battery.

During stage II, because the SoC is decreased under the
setting value, fp,s Will decrease according to the function
result 6SoC. The fuel cell can perceive the variation of bus
frequency and adjust its power generation adaptively. Finally,
the fuel cell works at the allowable MPP mode and the power
generation of the fuel cell is about 12 kW. The load power is
about 17 kW. The function result 6SoC will continue to
decrease and the function result 6P is still zero.

During stage III, because the discharging power of the
battery is about 5 kW, the bus frequency decreases continu-
ously. It should be pointed out that a large-capacity fuel cell
can supply much more loads until the next day. But a small-
capacity fuel cell is configured to rich the working

conditions, and some unimportant loads needs to be cut out to
stop the decrease of the bus frequency.

During stage IV, the SoC is still decreased in the discharg-
ing process and f,ys is decreased to the setting value 49.5 Hz. In
this situation, some unimportant load is cut out, and the load
power is about 12 kW, which is only supplied by the fuel cell
finally. Meanwhile, the discharging power is about zero, and
the SoC and the AC bus frequency keep unchanged until the
next day. The function result 6SoC keeps at —0.5 finally, and
the function result 6P is still remained at zero.

In summary, the designed energy management system of
the islanded AC microgrid is verified in various situations. The
two-stage energy conversion from electrical power to
hydrogen gas and to electrical power is very low, therefore the
fuel cell is not necessary to operate with the PV generator at
the same time. A simple mutually exclusive working mode
can be designed for the PV generator and the fuel cell by using
arelay. When in the sunny day, the battery is getting charged
first. Second, HPU can regulate its working point from MEP to
MPP to absorb power as much as possible. Third, PV generator
needs to limit its power generation and work off from MPP
mode to RPP mode. When in the cloudy day, the battery dis-
charges to help PV generator supply the local load and HPU
first. Second, HPU needs to be cut out if the SoC is relatively
low. Third, when the PV power generation is restored, HPU
will be put into operation again. When at night, the fuel cell
works at MEP mode to help the battery supply the local load
first. Second, when the SoC is relatively low, the fuel cell needs
to work from MEP mode to the allowable MPP mode to help
supply the local load. The decentralized control strategy can
save the communication lines and enhance the reliability of
power supply.

Conclusion

The external electrical characteristics of the lithium battery,
PV generator, HPU and fuel cell are analyzed according to their
mathematic model, based on which an energy management
system is designed for the islanded AC microgrid system.

As for the lithium battery, the functions with variables of
SoC and instantaneous power are designed to guarantee that
the remaining capacity of battery and the charging or dis-
charging power are in the safe range. As for PV generator, the
P-f droop control strategy is designed to make the PV gener-
ator work off from MPP mode to RPP mode seamlessly. As for
HPU, the energy conversion efficiency is taken into consider-
ation in the control strategy in order to make a trade off be-
tween the working efficiency and power consumption. As for
the fuel cell, when the bus frequency locates at the rated
value, the fuel cell will work at MEP mode with a small power
generation. When the bus frequency decreases to deviate the
rated value, the fuel cell will work from MEP mode to MPP
mode to generate power as much as possible. Finally, the re-
sults based on RTLAB experimental platform are demon-
strated to verify the effectiveness of the proposed control
strategy.

In addition, the well-designed adaptive coordination con-
trol strategy is decentralized by using the common bus
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frequency. Therefore, the communication lines are saved and
the reliability of the AC microgrid system is enhanced.
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