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Abstract

The widespread use of various kinds of distributed power sources would impact the quality of the power supply within a micro-grid power system,
causing many control problems. This paper focuses on the stability of micro-grid operation and discusses the control techniques of combining a
micro-turbine with the fuel cell and electrolyzer hybrid system to expand the micro-grid system’s ability to solve power quality issues resulting
from frequency fluctuations. The paper examines the feasibility of fuel cell and electrolyzer hybrid system control, especially dynamic control of
an electrolyzer system, to secure a real power balance and enhance the operational capability of load frequency control. The proposed control and
monitoring system can be considered to be a means of power quality control, both to improve the frequency fluctuations caused by random power
fluctuations on the generation and load sides and to relax tie-line power flow fluctuations caused by frequency fluctuations in the interconnected

micro-grid power system.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Although the idea of effective renewable energy use as a
means of coping with environmental and resource problems,
especially of reducing CO;, emissions, is globally attractive,
inappropriate application of distributed generation power supply
systems can be a cause of insecure power supply. The micro-grid
is one such system, consisting of distributed generators, loads,
power storage devices and heat recovery equipment, among
other components [1-3]. 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.

In this paper, a micro-grid system (see Fig. 1) comprised of a
control and monitoring system, a micro-turbine, a housing load,
a load-controllable electrolyzer system to manufacture hydro-
gen, a hydrogen tank and renewable-energy-utilizing generators
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such as 100kW wind power (WP), 25 kW photovoltaic (PV),
5 kW proton exchange membrane fuel cell (FC), and others, is
considered. We assume that 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 and
photovoltaic energy sources 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. However, con-
sidering the lack of power supply from renewable power sources,
a micro-turbine is implemented to supply the base load contain-
ing the electrolyzer system and the housing load. A 100kW
micro-gas turbine is considered and it is assumed that the fuel
for this turbine is supplied independently by a micro-gas turbine
system.

Wind and photovoltaic generators have the disadvantage of
an unstable power output. Therefore, in these kinds of hybrid
small-scale power systems, a sudden real power imbalance or a
large frequency fluctuation can easily occur, and reducing such
fluctuations by the sole means of applying the dynamic control
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Nomenclature N .
AP_ef expected AP in micro-grid
Base  base capacity of micro-grid system APge  difference between Py and Pyie _ref
CAN  control area network TEs time constant of ES
CMD command Trc time constant of FC
dPHousing standard deviation for housing real power WP wind power
dPwp standard deviation for wind power output Xtie tie-line reactance
dPpy  standard deviation for PV output 70 Zero
D damping coefficient
E error Greek symbol
EC error change 0 relative phase angle between utility grid and
ES electrolyzer system micro-grid
Af frequency fluctuation
fo system frequency
FC fuel cell of a micro-turbine is sometimes ineffective. Moreover, when the
FPI self-organizing fuzzy PI type of power line designed to be interconnected to a utility grid
Kg quantificational gain for error is 380V three-phase AC line, applying a DC or AC source to
Kgc quantificational gain for EC the AC grid would lead to harmonic distortion of voltages and
Kgs gain for ES currents [4]. Thus, the widespread use of various kinds of dis-
Krc gain for FC tributed power sources would impact the quality of the power
K1 integral gain supply within the micro-grid, causing many control problems.
Kmt  droop property of MT output Here, we have ignored the harmonics resulting mainly from the
Kp proportional gain operation of power electronic systems (e.g. converters) and stud-
AKy change in Ky ied the frequency fluctuations resulting mainly from real power
AKp change in Kp imbalances.
M inertia constant The so-called hydrogen economy is a long-term project that
MT micro-turbine can be defined as an effort to change the current energy system
NB negative big to one which attempts to combine the cleanliness of hydro-
NM negative medium gen as an energy carrier with the efficiency of fuel cells as
NS negative small devices to transform energy into electricity and heat. As an
PB positive big energy carrier, hydrogen must be obtained from other energy
PEM  proton exchange membrane sources, in processes that, at least in the long-term, avoid or
PM positive medium minimize CO; emissions [5]. Electrolyzer system fed by renew-
PS positive small able energies (such as photovoltaic solar panels or windmills)
PV photovoltaic or biomass reformers is the distributed resource of interest to
Pgs load power of ES generate hydrogen.
Prc FC power output A HOGEN® electrolyzer system [6] is considered in this
PHousing 10oad power of housing paper. The power consumption of this system can be con-
Pyt MT power output trolled in the millisecond level by adjusting the pressure in
Piie tie-line power the customer piping system. This pressure control can be real-
Pie—ref Scheduled Py ized by means of a control and monitoring system operated
Pwp wind power output
PC generated real power
P- system load
P initial ES load power
P]‘:rg initial FC output
Il-?cl)using initial housing load Wind Power Vacuum Circuit Breaker  Fuel Cell
PII\EI“T %n?t?al MT output @ L1 Transformer w
Ppyy initial PV output _
PIL initial WP output a el @
AP real power imbalance Control and Monitoring System _ Tank
APgs change in ES load
APgc  change in FC output
: Micro Turbine Housing Electrolyzer System .-
APyt change in MT output @ @

Fig. 1. System configuration of micro-grid network.
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through a CAN composed communication network. Thereby,
the electrolyzer system offers flexible controllability functions
to compensate for system’s real power imbalances. With regard
to such a capability, this paper focuses on the stability of micro-
grid operation, and proposes 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 imbalan-
ces.

PI and PID controllers are now used in approximately 90%
of industrial control loops worldwide, because they offer good
control system performance at an acceptable cost. The con-
trol system performance indices provided by the PI and PID
controllers are not only the tuning parameters, but also the
necessary implementation of additional functionalities includ-
ing anti-windup, feedforward action, and set-point filtering [7].
Fuzzy control is a somewhat intelligent, cost-effective nonlinear
control. Different types of adaptive fuzzy logic controls such
as self-tuning and self-organizing controllers can be found in
[8—15]. It is a known fact in PI-type controller configurations
that when the integration factor is weak the system response will
most probably be slow. However, when the integration factor is
too strong the system response may fasten to a degree where sys-
tem may become unstable [11]. Fuzzy control makes more sense
to enhance conventional PID’s performance by making up for
the areas in which the PID gains do not do so well. The combi-
nation of a PI control and a fuzzy control strategy means that PI
control has nonlinear characteristics and intellectual faculties,
and simultaneously endows fuzzy control with an established
PI-control configuration. The fuzzy self-tuning controller re-
adjusts the PID gains in real-time to improve the process output
response, during the system operation [12]. Therefore, it is con-
sidered that the fuzzy logic based self-tuning or self-organizing
PI controller may overcome for the areas in which a PI con-
troller alone is insufficient by providing an automatic adjusting
method.

Here, self-organizing fuzzy PI (FPI) controllers, components
in the control schemes of micro-turbine and tie-line power flow,
are applied help to actualize the proposed control strategy more
effectively. The effectiveness of the FPI controller will be inves-
tigated compared with the PI controller alone and open loop (no
controller) through simulations.

This paper is organized as follows. Section 2 presents the
formulation of power change by frequency fluctuation and that of
random power fluctuation at generation and load sides. Section 3
presents the considered micro-grid power system model. Section
4 describes the FPI controllers. Simulation results are discussed
in Section 5. Section 6 is the conclusions.

2. Problem formulation

Since frequency fluctuation, Af, is effected mainly by the
fluctuation of real power, power quality problems threatening
frequency stability can be solved or avoided by satisfy-
ing the real power supply—demand balance constraint in the
micro-grid power system. Therefore, an objective function for
frequency control in the micro-grid system is formulized as

follows:
AP=PS— Pl 50 1)
where

PG:PWP+PPV+PFC+PMT:PWP+PPV+P1i:Ig

+ P 1 (APsc + APur) (2)
P = Puiousing + Pes = PHousing + Pis + A Pgs (©)]
subject to
PYE < Pwp < PR @
PR < Ppy < PR )
PR < Prc < PR (6)
Pyt < Pur < Pyt )
PR < Pgs < P&~ 8)

Because there are uncertainties in short-term load demand,
in solar radiation and wind speed, although we have forecasted
these profiles, there are deviations from the forecasted values in
short-term operation. The deviations for wind power and hous-
ing loads are simulated close to an actual change wave by the
following functions as presented in Ref. [16].

dPwp = 0.8/ Pwp C))
dPHousing = 0~6\/ PHousing (10)

And the deviation from the forecasted PV power value is
modeled similarly as follows:

dPpy = 0.74/ Ppy (11)

Therefore, in this paper, the input power variability of PV
and WP is determined by considering the deviations from
the forecasted values. And the following standard deviations,
dPwp, dPpy, and dPHousing are multiplied by the random
output fluctuation derived from the white noise block in MAT-
LAB/SIMULINK in order to simulate the real-time random
power fluctuation on the generation and load sides [16,17].

As shown in Egs. (2) and (3), by controlling APgc, APwmT,
and APgs to meet the real-time power fluctuations on the gen-
eration (WP, PV) and load (housing) sides, Eq. (1) can be
guaranteed. APpc and APgs are approximated by a first-order
transfer function in reference to the operation of a battery-
energy-storage facility, as shown in Ref. [18].

Krc
APpc = ——A 12
= T Tres f (12)
KEs
APpqg = ————A 13
Bs = 1 Tiss f (13)

In this paper, the time constant of ES, Tgs, is a programmable
setting parameter in the control and monitoring system and the
value of Tgg is usually 60. However, as the above-mentioned,
the power consumption of HOGEN® electrolyzer system can
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Fig. 2. Schematic diagram of micro-grid model system.

be controlled in the millisecond level. Therefore, to make full
use of such high response controllability, the value of Tgs will
be programmatically changed to 1 in such a case that there is a
large frequency fluctuation in the micro-grid system.

In considering the linear P versus f droop characteristics,
APy is derived as follows:

1
APy = ———Af (14)
MT

Since the 6 is obtained by

9=2nf0/Afdt (15)
the Py is derived from
sin(2wfy Af/s)
Xtie

3. Specification of micro-grid system

A schematic diagram of the micro-grid system constructed
by MATLAB/SIMULINK is shown in Fig. 2. The tie-line power
and the dynamic behaviors of the electrolyzer system, fuel cell,
and micro-turbine are assessed by the control and monitoring
system according to the feedback parameter of AP.

A schematic diagram of the control and monitoring system
is shown in Fig. 3. The parameters of the micro-grid model are
showninTable 1. The initial values of Pg‘émin o \i{}ip, and P]i)’{i, are
forecasted values as mentioned above. Moreover, in this paper,
it is considered that the proton exchange membrane FC output
power not use to the real-time control of AP and accordingly
Prc is set to a constant value of 5kW in the course of a 500-s
test.

4. Self-organizing fuzzy PI Controller

In this paper, two FPI controllers, Mamdani-type self-
organizing controller, based on the fuzzy control principle
and implemented with the fuzzy logic toolbox in MAT-
LAB/SIMULINK, are introduced. A FPI controller related to
AP compensation, for example, is shown in Fig. 4. The con-
troller system consists of an adaptive PI controller and a fuzzy

Table 1
Micro-grid model parameters
ES
P (kW) 50
PEg"(kW) 30
Kgs 100
Tes 60
MT
Pyrr (kW) 70
Py (kW) 100
P (kW) 10
Kwmr 0.04
M 10
D 1
Housing
PIT(;using (kW) 50
FC
P (kW) 5
Pr™ (kW) 5
PRI (kW) 2
Krc -
Trc -
WP
PinL (kW) 15
PV
PR (kW) 10
Ppy* (kW) 25
Tie-line
Xiie 0.072
System
fo (Hz) 50
Base 100

self-tuning mechanism and adjusts the parameters AKp and AK
on-line.

Tables 2 and 3 are the fuzzy rules for Kp and K, respectively.
The fuzzy membership functions for FPI's input parameters (E
and EC) and FPI’s output parameters (AKp and AKy) are shown
in Fig. 5. In FPI controller A, the initial values of Kp and K,
to reduce AP, are 0.1 and 0.5, respectively, whereas, in FPI
controller B, those initial values, to relax APye, are 0.1 and 0.1,
respectively. The initial values of Kp and K7 to be adjusted on-
line by the FPI’s output parameters AKp and AK| and therefore
the PI controller action is updated after each cycle time. Kg and
Kgc are 1000 and 100 respectively in Fig. 4. The AP and Pye
are measured at 5- and 4-s intervals, respectively, by setting the
input signal delay time of the FPI controller, as shown in Fig. 4.

5. Simulation results

The initial real power balance in the micro-grid is set to zero
at the simulation starting point, as shown in Table 1, and the
feasibility of the electrolyzer system dynamic control is exam-
ined over the course of 500 s. The reference parameters Pije_ref
and AP _.f are set to zero. That is, in the case of interconnected
operation with utility grid, the tie-line power flow target is zero.
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Fig. 3. Proposed control and monitoring system structure.
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Fig. 4. FPI controller A related to AP compensation.

The simulation results for the two operational modes, islanding
operation and utility-grid-connected operation, are presented as
follows.

5.1. Case A: Islanding operation

Figs. 6 and 7 show the change of real power profile as a result
of using electrolyzer system and FPI controls. Figs. 8 and 9 show
the frequency fluctuations as a result of using electrolyzer system
and FPI controls, respectively. For the well-tuned PI controller

as shown in Fig. 9, the gain values of Kp and K7, to reduce AP,
are 0.1 and 0.5, respectively. Comparing Figs. 6 and 7 shows that
the control and monitoring system controls the power consump-
tion of the electrolyzer system to relax the load fluctuation, and
changes the output power of the micro-turbine to match the real
power balance. As shown in Figs. 8 and 9, the result is that the
frequency fluctuation is reduced by the dynamic control of the
electrolyzer system, and is additionally improved by applying
the FPI controller A compared with the well-tuned PI controller
alone and open loop (without PI controller).

Table 2 Table 3
Fuzzy rule table (AKp) for Kp Fuzzy rule table (AKy) for Ky
E EC E EC

NB NM NS Z0 PS PM PB NB NM NS Z0 PS PM PB
NB PB PB PB PM PS 70 70 NB NB NB NM NM NS 70 70
NM PB PB PM PS PS 70 NS NM NB NB NM NS NS Z0 Z0
NS PM PM PM PS Z0 NS NS NS NB NM NS NS Z0 PS PS
70 PM PM PS Z0 NS NM NM Z0 NM NM NS Z0 PS PM PM
PS PS PS Z0 NS NS NM NM PS Z0 70 70 NS NS 70 70
PM PS Z0 NS NM NM NM NB PM NS NS NS NS 70 Z0 Z0
PB 70 70 NM NM NM NB NB PB Z0 70 70 Z0 Z0 70 70
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NB NM NS Z0 PS PM PB

NB NM NS Z0 PS PM PB

0 \Kp
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0 AK;
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Fig. 5. Fuzzy membership function.
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Fig. 6. Simulation result for islanding operation (case A): power profile without
electrolyzer system and FPI control.
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Fig. 7. Simulation result for islanding operation (case A): power profile with
electrolyzer system and FPI control.
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09
Puyr
0.7
Phrousing
— M
; 05 —
Z Prs
Z 03r
-
01
%
01 1 L )
0 100 200 300 400 500

time (s)

Fig. 10. Simulation results for utility grid connected operation (case B): power
profile without FPI controller B.
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Fig. 11. Simulation results for utility grid connected operation (case B): power
profile with FPI controller B.
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Fig. 12. Simulation results for utility grid connected operation (case B): tie-line
power fluctuation with or without FPI controller B.

5.2. Case B: Utility grid connected operation

Figs. 10 and 11 show the change of real power profile as a
result of applying FPI controller B. For convenience, the fuzzy
membership function shown in Fig. 5 was also used in FPI con-
troller B. Comparing Figs. 10 and 11 shows that, using FPI
controller B to adjust the power output of the micro-turbine, the
power supply from the utility grid is decreased. Fig. 12 is a mag-
nified view of the Py fluctuation. In Fig. 12, for the well-tuned
PI controller, the gain values of Kp and K, to relax APy, are
0.1 and 0.1, respectively. It is obviously apparent that the tie-
line power fluctuation is improved by introducing well-tuned PI
controller and is little changed by introducing FPI controller B
compared with the well-tuned PI controller alone. Fig. 13 shows
the WP, PV, and FC outputs under the two above-mentioned
operational modes.

5.3. Case C: Discussion for setting Tgs

For the above-mentioned two cases A and B, the Tgs was
set to 60 to adjust the power consumption of the electrolyzer
system according to a slow response time. A fast frequency
fluctuation cannot be adequately repressed by means of gen-
erator governors and slow-response power sources. Since the
load power of the electrolyzer system considered in this paper
can be controlled at the millisecond level, the control and moni-
toring system can adjust the load power rapidly by changing the

0.16 Pyp
0.14 -
—~ 012 -
! Ppy
B ol W
E 0.08
0.06 Pre
0 04 1 1 1 1 ]
0 100 200 300 400 500
time (s)

Fig. 13. WP, PV, and FC outputs in both operation models.
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Fig. 14. Simulation results for setting TES (case C): power profile without
electrolyzer system control.
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Fig. 15. Simulation results for setting TES (case C): power profile with elec-
trolyzer system control.
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Fig. 16. Af with or without electrolyzer system control for case C.

Tgs to a smaller value. Therefore, a case C, in which the Tgs is
set to 1, is discussed below.

In this case, a sudden 20kW overload at the third second,
resulting in a fast and large frequency fluctuation in the micro-
grid system, is simulated. Figs. 14-16 show the power profile
and the frequency fluctuation before and after the electrolyzer
system dynamic controls are considered, respectively. It appears
that the maximum frequency fluctuation of 0.35 Hz is reduced
effectively by utilizing the electrolyzer system’s fast-response
capability for kW load control.

6. Conclusions

In this paper, 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
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proposed. The contents of this paper can be summarized as
follows:

(1) The output changes of the fuel cell and the electrolyzer
system are defined according to a first-order transfer func-
tion. The tie-line power and the output change of the
micro-turbine according to the frequency fluctuation are
presented.

(2) FPI controllers A and B are proposed to compensate the
power changes in the micro-grid power system and tie-line.
The effects of their use are also explored.

(3) The fluctuations of frequency and tie-line power under the
islanding and interconnected operational modes, respec-
tively, are considered in demonstrating the effectiveness
of the proposed control scheme. It is concretely shown
that a power quality improvement for frequency can be
achieved by actively utilizing the load-controllable elec-
trolyzer system. Therefore, the proposed control scheme
helps to solve power quality issue resulting from frequency
fluctuations.

(4) It is considered that in shorter periods in which sudden,
large frequency fluctuations occur, applying a smaller Tgg
to rapidly control the electrolyzer system load is a means
of enhancing the operational capability to handle frequency
fluctuations.

The efficient use of the fuel cell and electrolyzer hybrid sys-
tem considering the state of charge for the hydrogen tank and the
fluctuation of the voltage in the micro-grid system will be exam-
ined in the near future. Furthermore, the means by which the unit
commitment of the multiple power sources can be determined
to obtain an optimal daily operation schedule for a micro-grid
power system will be discussed.
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