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1. Introduction 

Generally, such as bio-fuels, wind, solar, small hydropower, marine and geothermal 
energy, etc. have been defined as new renewable energy. Photovoltaic and wind power 
generation have been in rapid growth, but they have characteristics of randomness, 
intermittent, uncontrollable. Although the idea of effective renewable energy use as a 
means of coping with environmental and resource problems, especially of reducing CO2 

emissions, is globally attractive, inappropriate application of distributed renewable power 
generation systems can be a cause of insecure power supply. That is, the widespread use of 
various kinds of distributed renewable power sources which would impact the quality of 
the power supply within a micro-grid power system, causing many control problems (Li et 
al., 2008). 
Micro-grid is one such system, consisting of distributed generators, loads, power storage 
devices and heat recovery equipment, among other components. The main advantages of 
the micro-grid system are that (1) it can be operated independently from conventional utility 
grids, (2) it can make use of power and heat sources collectively, (3) it can be interconnected 
to the utility grids at one point (Lasseter et al., 2002; Lasseter & Paigi., 2004; Li et al., 2008). 
A micro-grid system (see Fig. 1) comprised of a control and monitoring system, a housing 
load, a 1MW load-controllable electrolyzer system to manufacture hydrogen, a hydrogen 
tank and renewable-energy-utilizing generators such as 3MW wind power generation 
system (WPGS), 500kW proton exchange membrane fuel cell (FC), 1MWh battery energy 
storage system (BESS), and others, is considered in this chapter. The power supply-demand 
balance control of the micro-grid system is performed by the control and monitoring system 
through a Control Area Network (CAN) composed communication network. Moreover, the 
electricity of electrolyzer system is supplied mainly by the wind power energy source and 
the hydrogen produced by the electrolyzer system is stored in the hydrogen tank to be 
converted back to electricity in the proton exchange membrane fuel cells. The wind power is 
considered as primary source in this chapter. However, when the lack of power supply from 
renewable power sources is occured, the missing power will be provided via utility grid (Li 
et al., 2007; Li et al., 2008). 
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Fig. 1. System configuration of micro-grid network 

Wind power and photovoltaic generators have the disadvantage of an unstable power 
output. Therefore, in these kinds of hybrid power systems, a sudden real power imbalance 
or a large frequency fluctuation can easily occur. Moreover, when the type of power line 
designed to be interconnected to a utility grid is 380V three-phase AC line, applying a DC or 
AC source to the AC grid would lead to harmonic distortion of voltages and currents. The 
harmonics resulting mainly from the operation of power electronic systems (e.g. converters) 
have ignored in this study (Hingorani & Gyugyi, 2000; Li et al., 2008). Here, we have studied 
the frequency fluctuations resulting mainly from real power imbalances and applied the 
BESS and electrolyzer system to smooth the power fluctuation of micro-grid power system. 
The so-called hydrogen economy is a long-term project that can be defined as an effort to 
change the current energy system to one which attempts to combine the cleanliness of 
hydrogen as an energy carrier with the efficiency of fuel cells as devices to transform energy 
into electricity and heat. As an energy carrier, hydrogen must be obtained from other energy 
sources, in processes that, at least in the long term, avoid or minimize CO2 emissions 
(Gregorio & Teresa, 2007; Li et al., 2008). Electrolyzer system fed by renewable energies 
(such as photovoltaic solar panels or windmills) or biomass reformers is the distributed 
resource of interest to generate hydrogen. Moreover, the electrolyzer system can offer 
flexible controllability functions to compensate for system’s real power imbalances (Li et al., 
2007; Li et al., 2008). In (Li et al., 2008), with regard to such a capability, a combination of a 
micro turbine and the fuel cell and electrolyzer hybrid system to deal with real-time 
frequency fluctuations and sudden real power imbalances has been proposed. In this 
chapter, a fuel cell and electrolyzer hybrid system is also considered to deal with real-time 
real power imbalances. 
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In addition, energy storage technology would resolve above-mentioned random fluctuation 
issues of the new energy power generation. It can achieve a smooth power output of 
renewable power sources. Therefore, a flexible energy storage system consisting of the 
battery, rectifier and inverter devices is getting more and more attention. For example, an 
integration of battery energy storage system with wind power generation system can 
provide flexible energy management solution for improving power quality of the renewable 
energy hybrid power generation system (Li et al., 2010b, 2010c & 2010d). Moreover, with the 
rapid development of batteries, as one possible means, BESS will be utilized to smooth the 
output fluctuation of renewable energy such as PV, WP and FC (Yoshimoto et al., 2006; 
Rajendra Prasad & Natarajan, 2006; Senjyu et al., 2008; Muyeen et al., 2009; Lalouni et al., 
2009; Teleke et al., 2009; Li et al., 2009;  Khalid & Savkin, 2010; Li et al., 2010b-d). However, if 
there is no control method to regulate the outputting-level of wind power and the charging-
level of BESS effectively, a large energy storage capacity is necessary. Therefore, this chapter 
will introduce a fuzzy-logic based power conditioning strategy of the load-controllable 
electrolyzer system to deal with real-time fluctuations of micro-grid‘s real power imbalance 
and system frequency. Meanwhile, the power of fuel cell system and that of BESS will be 
adaptively changed according to the feedback values of battery state of charge (SOC) and 
micro-grid‘s real power imbalance. 
This chapter is organized as follows. Section 2 presents modeling of each power sources in 
micro-grid power system. That is, (1) modeling of fuel cell and electrolyzer system; (2) 
modeling of battery energy storage system; (3) modeling of wind power generation system; 
(4) modeling of system load, etc. will be included, respectively. Section 3 presents an 
objective function for frequency control in the micro-grid system. Section 4 presents a fuzzy 
control strategy of hydrogen electrolyzer system based on battery SOC and real power 
imbalance to expand the micro-grid system′s ability to solve power quality issues. Section 5 
discusses simulation results based on the considered power system model. Section 6 is the 
conclusions. 

2. Modeling of each power sources 

2.1 Modeling of fuel cell and electrolyzer system 

Here, the power output characteristics of fuel cell and electrolyzer systems are linearized by 
the following first-order transfer functions based on different time constants, TFC and TES in 
reference to the operation of a battery-energy-storage facility, as shown in (Kottick et al., 
1993, Li et al., 2008). As a result, the dynamic behaviors of fuel cell and electrolyzer systems 
can be formulated as follows. 

 
FC

1

1
CMD

FC FCP P
T s

=
+

 (1) 

 ES

ES

1

1
CMD
ESP P

T s
=

+
 (2) 

2.2 Modeling of battery energy storage system 

An 100KW lithium-ion BESS has been modeled in reference to the Rint model presented in 
(Li et al., 2009). In general we know that Ibat and Vbat can be expressed as Eqs. (3) and (4), 
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respectively, when the battery power consumption is P W. Moreover, as shown in Eqs.(5) 
and (6), Vocv and Rbatint are determined by using look-up tables based on experimental data 
presented in Figs. 2 and 3. The battery SOC is calculated by using Eqs.(7) and (8), and the η 
is calculated depend on battery charge/discharge status. The model of BESS based on 
Matlab/Simulink is shwon in Fig.4 (Li et al., 2009 & 2010a). In this chapter, 1MWh BESS is 
designed by integrating ten 100kWh BESSs in parallel to minimize real power imbalance in 
micro-grid power system. 
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Fig. 2. Characteristic of open circuit voltage via battery 
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Fig. 3. Interior resistance via battery SOC 

 

 

Fig. 4. Model of BESS 

2.3 Modeling of wind power generation system 

The extracted power from the wind can be expressed as follows: 

 ( )2 30.5 ,w w pP R V Cρπ λ β=  (9) 

Where, Pw is the power from wind, ρ is air density [kg/m3], R is blade radius[m], Vw is the 
wind speed[m/s] and Cp is the power coefficient which is a function of both tip speed ratio λ 
and blade pitch angle β[deg]. 

 ( )
12.5

16
, 0.22 0.4 5 i

p

i

C e λλ β β
λ

−⎛ ⎞
= − −⎜ ⎟

⎝ ⎠
  (10) 

where λi is given by 
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3

1 1 0.035

0.08 1iλ λ β β
= −

+ +
 (11) 

The WPGS modeled by MATLAB/SIMULINK is shown in Fig. 5. In this chapter, the wind 
speed is modeled by multiplying a random speed fluctuation derived from the white noise 
block in MATLAB/SIMULINK as shown in Fig. 6. As a result, wind power output profile 
used in this chapter can be calculated as shown in Fig. 7 (Li et al., 2010b & 2010c). 
 

 

Fig. 5. Model of WPGS using MATLAB/SIMULINK 

 

 

Fig. 6. Wind speed model using MATLAB/SIMULINK 
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Fig. 7. Wind power output of micro-grid power system 
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2.4 Modeling of system load 

The input power variability of micro-grid system load is determined by considering the 
deviations from the initial value. And the following standard deviation, dPLoad is multiplied 
by the random output fluctuation derived from the white noise block in 
MATLAB/SIMULINK in order to simulate the real-time random power fluctuation on the 
load side.  The deviation for the system load is simulated close to an actual change wave by 
the following functions as presented in  (Matsubara et al., 2005; Shinji et al., 2006; Li et al., 
2007; Li et al., 2008). 

 0.6Load LoaddP P=    (12) 

That, the system load power is defined as follows. 

 ini
Load Load LoadP P dP= +   (13) 

 

 

Fig. 8. Load model using MATLAB/SIMULINK 

3. Problem formulation 

Since frequency fluctuation, Δf, is effected mainly by the fluctuation of real power, power 
quality problems threatening frequency stability can be solved or avoided by satisfying the 
real power supply-demand balance constraint in the micro-grid power system (Li et al., 
2007; Li et al., 2008). Therefore, an objective function for frequency control in the micro-grid 
system is formulized as follows. 

 0FC WP BESS Load ESP P P P P PΔ = + + − − →  (14) 

subject to 

 min max
WP WP WPP P P≤ ≤  (15) 

 min max
FC FC FCP P P≤ ≤  (16) 
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 min max
ES ES ESP P P≤ ≤  (17) 

 min max
BESS BESS BESSP P P≤ ≤   (18) 

4. Fuzzy control strategy of micro-grid power system 

The battery energy storage system is the current attractive means of smoothing intermittent 
wind or solar power generation. Such battery, wind and/or solar power hybrid micro-grid 
power systems require a suitable control strategy that can effectively regulate fluctuant 
power output levels and battery state of charge (SOC); otherwise, an inconveniently and 
problematically large energy storage capacity is necessary. 
Moreover, as above-mentioned, the power consumption of hydrogen electrolyzer system 
can be controlled in realtime. Therefore, to make full use of such response controllability, the 
power of electrolyzer system need to be increased in such a case that there is enough WP 
generation compared with system load in the micro-grid system. Otherwise, the power of 
electrolyzer system need to be decreased when there is less affluent WP generation 
compared with system load. These cases can be judged by calculating the difference 
between PWP and PLoad. 
 

 

Fig. 9.  Schematic diagram of proposed control strategy 

For these considerations, in this chapter, a fuzzy logic controller  is applied to adaptively 
regulate the power consumption of electrolyzer system and a PI controller is also introduced 
to minimize the real power imbalance ΔP in micro-grid power system. That is, the 
Mamdani-type fuzzy logic controller, FLC, shown in Fig. 9, for which the two inputs are 
battery SOC and ΔPWP_Load and the one output is PESFUZZY, is proposed. And, the PI 
controller, for which input is ΔP and output is PBESSCMD, is applied. Moreover, an one 
dimensional look up table  (LT) block, shown in Fig.9, for which input is battery SOC and 
output is PFCCMD is also used to modify output power of FC timely based on battery 
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charging-level. So, the proposed method can enhance the minimizations of tie-line power 
and imbalance power levels for interconnected micro-grid power system and supervise the 
battery SOC to secure the charging-level of the BESS. The target power of BESS and that of 
ES can be determined by the following Eqs. (19)-(22). 

 ( )CMD
BESS p iP P K K dt= Δ + ∫  (19) 

 ( )_,CMD FUZZY
ES ES WP LoadP P f SOC P= = Δ  (20) 

 ( )CMD Initial
FC LT FCP f SOC P=  (21) 

Where,  

 min maxSOC SOC SOC≤ ≤  (22) 

Fuzzy membership function used in work is shown in Fig. 10. Fuzzy rule table for PESFUZZY 
is shown in Table 1. For the PI controller as shown in Fig. 9, the gain values of KP and KI , to 
reduce ΔP, are 1 and 10, respectively. 
 

No Logic of judgment rules 

1 If SOC is Big  &  ΔPWP_Load is  Big  then  PESFUZZY  is  Big 

2 If SOC is Medium  &  ΔPWP_Load is  Big  then  PESFUZZY  is  Big 

3 If SOC is  Small   &  ΔPWP_Load is  Big  then  PESFUZZY  is  Small 

4 If SOC is Big  &  ΔPWP_Load is   Medium   then  PESFUZZY  is   Medium 

5 If SOC is Medium  &  ΔPWP_Load is   Medium   then  PESFUZZY  is  Medium 

6 If SOC is  Small   &  ΔPWP_Load is   Medium   then  PESFUZZY  is  Small 

7 If SOC is Big  &  ΔPWP_Load is   Small    then  PESFUZZY  is   Small 

8 If SOC is Medium  &  ΔPWP_Load is   Small    then  PESFUZZY  is   Small 

9 If SOC is  Small   &  ΔPWP_Load is    Small    then  PESFUZZY  is  Small 

Table 1. Fuzzy rule table for  PESFUZZY 
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Fig. 10. Fuzzy membership function 
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5. Simulation results and discussion 

The initial real power balance in the micro-grid is set to zero at the simulation starting point 
and the feasibility of the electrolyzer system control is examined over the course of 2000 
seconds. The simulation results for islanding operation is presented as follows. The 
reference parameters of tie-line power and real power supply-demand imbalance are all set 
to zero. That is, in the case of interconnected operation with utility grid, the tie-line power 
flow target is set to zero. In the following, two cases for without/with fuzzy controller are 
discussed to illustrate the proposed fuzzy-logic-based control strategy. It is noted that the 
initial SOC of BESS is all set to 80% for the two cases, and the target power of electrolyzer 
system is set to a fixed value of 0.3MW in the case that fuzzy controller is ignored.  
Figs. 11 and 12 show the power profiles of system load and WPGS. Figs. 13 and 14 show the 
power and SOC profiles of BESS, respectively. It is obviously apparent that the battery SOC 
is effectively controlled by introducing SOC based fuzzy controller. Otherwise, added 
capacity of BESS or additional operation is required. Figs. 15 and 16 show power profiles of 
electrolyzer and fuel cell systems with/without fuzzy controller. Real power imbalance 
profile in micro-grid system is shown in Fig. 17. Comparing Figs. 15, 16 and 17 shows that 
the proposed control method controls the power of the electrolyzer system and that of the 
fuel cell system to relax the wind power fluctuations and match the real power balance. 
Moreover, as shown in these figures, the result is that the real power imbalance is suitably 
controlled by the adaptive control of the electrolyzer system, and the power quality of 
frequency fluctuation is accordingly improved by applying the proposed fuzzy controller. 
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Fig. 11. Power profile of system load 
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Fig. 12. Power profile of WPGS 
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(13-1) without fuzzy controller 
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(13-2) with fuzzy controller 

Fig. 13. Power profiles of battery energy storage system with/wothout fuzzy controller 
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(14-1) without fuzzy controller 
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(14-2) with fuzzy controller 

Fig. 14. SOC profile of battery energy storage system with/without fuzzy control 
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(15-1) without fuzzy controller 
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(15-2) with fuzzy controller 

Fig. 15. Power profile of electrolyzer system with/wothout fuzzy controller 
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(16-1) without fuzzy controller 
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(16-2) with fuzzy controller 

Fig. 16. Power profile of fuel cell system with/wothout fuzzy controller 
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(17-1) without fuzzy controller 
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(17-2) with fuzzy controller 

Fig. 17. Real power imbalance profile in micro-grid system with/without fuzzy controller 

7. Conclusion 

In this chapter, an electrolyzer system’s dynamic control method, which secures a real 
power balance and enhances the operational capability to handle frequency fluctuation in 
multiple renewable energy hybrid micro-grid power system, is proposed. The PI and fuzzy 
controllers are introduced to compensate the power fluctuations in micro-grid power 
system. The effects of their usages are also explored through simulation experiment. 
Moreover, the fluctuation of real power imbalance under the islanding operational mode is 
discussed in demonstrating the effectiveness of the proposed control strategy. It is 
concretely shown that a power quality improvement for frequency can be achieved by 
actively utilizing battery energy storage system and load-controllable electrolyzer system. 
Moreover, the battery SOC can be managed within a specified target region. Therefore, the 
proposed control scheme helps to solve power quality issue resulting from real power 
imbalance fluctuations. 
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