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ABSTRACT 
The deregulation and liberalization of electricity market besides the increasing interest of'carbon 
emissions and eliminating unnecessary transmission and distribution costs encourage the utilization of 
Distributed Generation "DG. Therefore, DG is expected to penetrate within electrical power systems in 
the near future in the form of small generating sources located c lo~e to load centres. This paper 
discusses the dynamic performance of some promising Distributed Generating (DG) units. The selected 
units in this study are the wind turbine, the fuel cell, the micro turbine and the hybrid fuel cell-micro 
turbine unit. The objective is to compare.among the dynamic pirformances of such units to evaluate 
their behaviour under different operating conditions. Detailed models fdr the selected units including the 
thermal description of the fuel cell are presented. The investigation study concentrates on the operation 
of the DG units with an isolated load. Extensive simulation results are introduced to enable the 
comparison among different units. 
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1. INTRODUCTION bedefits include: reducing the greenhouse gasses. . . - -- . o~~- - - -a  

The conventional generation of electrical power can increasing the system .efficiency, reducing the 

not follow up the continuous increase of load demand. transmitted power, improving the voltage profile and 

The  problem is n o t  associated simply with the improving the power quality and reliability [3]. 
in&lation bower &,ti&ns. ~ ~ t h ~ ~ ;  be orobiem However, the utilization of DG in large scales obligates 

.~ ~~ ~~ - ~, - ~ - - + 

identifying the problems related to conventional , and protection system design. Solving..&ese problems 

sources directed a high concentration on new set of is necessary to obtain a satisfactory operation and 

power supply requirements that c p  better be sewed ensure a reliable and safe performance [4]. 

through Distributed Generation (DG) [I]. Therefore, One of the most important issues related to DG is 
the penetration levels of such sources and their +e dynamic performance of individu:al . :  geZeriting I' ,. units 
contribution in electric power systems are gradually that can impact the power quality at'the consumer 
mowine: as a meansof supporting the existing power terminals [5]. Despite the importance &this issue for - - 
network 121. 

- 
stand-alone loads, it is also of great ci'Mfi&nce when - - .  , , - .- .,--. - - - - . . - -- 

a Besidessupporting the conventional power plants, DG units are connected to the8'mam ,grid iystein. The 

DG canoffer many other benefits when suitable types, fast response to load variationi:@%bibili of effective 

sizes and locations are selected. Examples of such voltage regulation and limited overshoots are basic 
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requirements of any DG unit regarding the dynamic 
performance [6]. Therefore, [he dynamic performance 
of these units has to be investigated with suitable 
control strategies. 

Variable-Speed Wind Tilrbines (WT) offer 
environment-friendly type of DG that are weli 
developed and widely used in electric power systems 
[7]. Micro-Turbines (MTs) have compact and simple 
design. low maintenance requirements and can produce 
low-cost low-emission electricity. Othe- advantages 
include: durability, load-following capabilities, ability 
to operate on a variety of fuels and the possibility of 
Combined Heat and Power (CUP) applications [S]. On 
the other hand, Fuel Cells (FCs) provide the potential 
for higher efficiencies, fuel flexibility in addition to the 
modularity, silent operation, and environmental 
benefits. A unique feature of FCs is their high 
efficiency at part of load [9]. 

A recently-developed DG unit is the hybrid 
configuration comprising a FC and MT with the MT 
located downward to the FC. The hybrid Fuel 
CelYMicro Turbine System (FCMT) is a promising 
configuration that can provide many advantages. This 
includes the high efficiency, fuel flexibility, superior 
environmental performance and possibility of obtaining 
electric power from the two units [9]. Therefore, it is 
expected with the continuous developments and 
investigation to bring this unit into competition with 
other DG units. 

In this paper, the dynamic modelling and 
performance of the abovementior~ed promising units 
are surveyed. Each of the selected DG unit is modelled 
with a stand-alone load and the performance is studied 
under different operating conditions. Detailed 
modelling for eat!) unit is used to ensure accurate 
results, and hence reliable conclusions and 
recommendations are extracted. The WT is modelled 
when driving a synchronous generator with detailed 
differential equations. Regarding the FC unit, both the 
elecmcal and thermal behaviour are considered. In 
addition, MT is modelled with the well-known block- 
diagram dynamic model with a permanent-magnet 
synchronous generator. Finally, the hybrid unit is 
represented using the models of the individual FC and 
MT units with suitable interconnection between them. 

The general discussion concentrates on the dynamic 
performance of the units and the comparison between 
them. In addition, feasibility of the control system a d  
the possible cause of disturbances associated with each 
unit are discussed. 

2. WIND ENERGY SYSTEM 
Figure I illustrates a schematic diagram of the wind 
energy system. The relations desciihing the operation 
of the wind turbine are as follows: The equation 
describing the mechanical torque converted from wind 
power is given by the follming equation [lo]: 

The tip-speed ratio can he calculated using the 
following relation: 

speed of tip Wl h=--=- 
windspeed Vw 

Typical power coefficient-tip spezd ratio curves are 
used to derive the relation between tip speed ratio and 
power coefficient at different blade pitch angles. Such 
relations are given using curve fitting technique in the 
following form: 

C, = C , ( ~ ) + C ~ ( ~ ) . ~ + C ~ @ ) . X ~  (3) 

Where: 
A,: is the swept area (m3 
C,, C1 and C,: are functions of the blade pitch angle (P) 
q: is the coeffcient of performance ''power 

coefficient" 
R: is the rotor radius of the wind turbine (m) 
Vw: is the wind speed ( d s )  
qab: is the efficiency of the mechanical gearing 
p: is the air density (kg/m3) 
h: is the tip-speed ratio 
12: is the angular speed (radls) 

P,hl 

Fig 1, A schematic diagram of the proposed system 

Modified electromechanical Park's equations are 
used to model a salient-pole synchonous generator 
driven by the wind turbine in the stand-alone mode 
[Ill .  The sub-transient model of the synchronous 
generator comprises five differential equations 
describing the states of the generator, an 
electromechanical differential equation in addition to 
the differential equation of the exciter. Thus, the model 
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of the wind energy system is a seven-order model. The 
order of the model increases to the ninth order when 
the PI controllers are considered. Two PI controllers 
are developed to manage the exciter of the generator 
and the blade pitch angle of the turbine. 

The PI controller regulating the exciter depends on 
a feedback from the terminal voltage and comparing it 
with the desired reference voltage. On the other hand, 
the PI controller regulating the blade pitch angle 
depends on a feedback from the angular speed and 
comparing it with the desired reference speed. The 
target is to supply a high-quality power to consumers 
regarding the voltage and the frequency. 

2.1. Simulation Results 

The fvst disturbance applied to the WT system is a 
20% step increase in the load impedance. Fig 2 shows 
the response of the WT system to this disturbance. As a 
result of this load reduction, the supplied cment is 
decreased with the same ratio at steady state (i.e. 
83.3%). This is attributed to maintaining the load 
voltage at its desired rated value through the control 
action. On the other hand, the control associated with 
the blade pitch angle succeeded to regulate the angular 
speed with 10% overshoot. The angular speed returned 
to the steady state value withi  10 second. 

Load curreat @.u) L o ~ d  voltage @.u) 
I . 0 5 , ~ , l . O S  

Active power (p.11) A n p h  speed @.u.) 
1.015 o;ri i.0, 

0.75 
1.005 

0.7 I 

0.65 0'995~ 5 10 15 20 
0 5 10, 15 20 

Time (Sec.) Time (Seo.) 

Fig 2, Response oftbe WT to a 20% step increase in 
load impkdance 

The second disturbance is a 20% step increase in 
the wind speed as shown in Fig 3. The increase in the 
wind speed causes a corresponding increase in the 
variables of the WT system. This includes the current, 
voltage, power and angular speed. However, due to the 

control action, both the terminal voltage and the 
angular speed returned back to their desired values 
within I2 second. The overshoots associated with the 
current and power, however, are considerably high. 

Load current (p.11) Zond voltage @.u) 
1 1.05- 

0.8 l,:.bI Active power @.u) @,;H 
Augulnr speed @st.) i:::m 0.8 i!rl 

0.78 1 .I2 

0.7G 

0.74 0.98 
o 5 10 IS 20 0 5 10 15 20 

Time (See.) T i  (Sea.) 
Fig 3, Response of the WT to a 20% step increase in 

the wind speed 

3. FUEL CELL SYSTEM 
Fig 4 illustrates the block-diagram model describing 

the dvnamics of the FC units [5]. The modelling of the 
FC unit depends on the modelling of the three main 
parts of the system: the reformer, the stack, and the 
power conditioner. The production of the hydrogen 
inside the reformer from the input fuel requires a delay 
time, which is modelled as a first-order time delay 
elements. The time delay "Ts" is relatively high 
depending on the size and type of the FC itself. A DC- 
AC pulse-width modulation (PWM) inverter is used to 
convert the DC power from the stack to AC power. 
During the conversion of the power, both the frequency 
and the voltage of the fuel cell are regulated. 

- 
Fig 4, Modelling of the fuel cell 
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Regarding the stack, three actions are modelled. 
Firstly, a first-order time delay element is introduced 
with a time constant of (Tc), which is lower than that of 
the reformer [ 5 ] .  The simulation of the steady-state 
characteristic of the FC is accomplished by introducing 
a non-linear resistance to represent all kinds of voltage 
drops in the stack. The resistance, which represent the 
voltage-cment characteristics, can be obtained from 
real measurements or using the Nemest and Butler- 
Volmer equations [Dl.  A non-linear function is 
developed using the curve fitting technique to derive 
the resistance as a function of the supplied current. 
Typical V-I characteristics are used to develop the loss- 
resistances as functions of the supplied currents for the 
FC. Finally, an inductor is inh-oduced to take into 
account the time constant associated with the current. 

The symbols used in Fig 1 are as follows: 
EO is the open circuit reversible cell potential 

(representing the input fuel rate), "p.u." 
T, is the reformer time delay, "s" 
T, is the stack time delay, "s" 
T, is the time constant associated with the current, "s" 
E is the output of the reformer (input to the stack), 

"P.u." 
AV is the total voltage drop in the stack, 'pu." 
P,, is the output power from the fuel cell, "p.u." 

The aperation of FCs necessitates maintaining the 
stack temperature constant under all operating 
conditions. The recovers thermal power from the stack 
is high enough to be used in cogeneration applications. 
Tie use of the thermal power increases the overall 
efficiency especially since the thermal power exceeds, 
in many cases, the electrical power. The heat recovery 
system comprises a heat exchanger and a water storage 
tank. A certain fluid can be used to absorb the 
generated heat in the stack and then it is used as a first 
fluid in tbe heat exchanger [13]. The stack temperature 
is controlled by regulating the mass flow rate of this 
fluid through a PI controller. 

A secor~d fluid (water in most cases) is used in the 
heat exchanger to absorb the thermal power from the 
first fluid and at ihe same time to cover the thermal 
load demand [13]. The mass flow rate of the second 
fluid is reyla:ed through a PI conirol!er to keep its 
temperature always constant to be suitable for the 
utilization of consutners. 

The full model of the FC has twelve differential 
equations: three equations describe the reformer and 
stack, five equations for the heat recovery system and 
four equations for the PI controllers. The system is 
subjected to many disturbances to examine its dynamic 

performance. Only two disturbances will be introduced 
in the following. The first disturbance is a 20% step 
increase in the load impedance similar to that simulated 
with the WT unit. The response of the FC system to 
this disturbance is shown in Fig 5. From the figure, it is 
clear that the response of the FC is very fast since it is 
restricted by the time constants of the stack and the 
current. These time constants are relatively sn~all and 
hence, fast response is obtained. However, the 
temperature needs longer time to reach its steady-state 
value due to the longer thermal time constant. 
Regarding the overshoots, large deviations in the 
voltage and power are remarkable, but the nurent and 
temperatures did not experience such large overshoots. 
Generally, regulated performance is obtained, where 
both the voltage and temperature are returned back to 
their initial values. 

Load ciureut @.I%) AC load voltaxe (p.11) 
1.03 

0.9 ? 2.1 2.2 2.3 

0.85 

0.8 

Electric power @.a) Stack rmperntuxc (K) 

0.8 

361 

0 5 lo 1s 20 0 5 10 is 23 
Time (Sec.) T h e  (See.! 

Fig 5, Response of the FC to a 20% step increase in 
lond impedance 

The second disturbance is a 20% step ~nclease in 
the input fuel rate. Fig 6 shows the response of the FC 
unit to this dislurbance. In &is case, the response is 
slower than the previous case. The reason is atlributed 
to the action ofthe reformer delay. Since the input fuel 
rate is changed, the hydrogen rich gas needs a delay 
time depending on the time constant of the reformer. 
As abovementioned, the time constant of the ref0mier 
is much longer than that of the stack. Therefore, the 
response is significantly slower than that obtained 
when the load impedance is changed, where there was 
no contribution of the reformer delay. 
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The load voltage is increased as a result of 
increasing the input fuel rate with about 12.5% 
overshoot but the controller succeeded to force it to 
return to its initial value. The current has a similar 
behaviour since the load impedance is kept constant 
and hence, the load power is affected strongly by the 
disturbance. 

Load cuu~tllt @.u) AC load voltnge @.u) 
1.14K, 1.15 Fl 
1.1 

1.06 
1.05 

1.03 

0.98 0.95 

Eleceic power (p.u) Stack tempelzhll'e (K) 

1.2 'rl:;rl 
1.1 

1 

0.9 362.5 
0 10 20 30 40 50 0 10 20 30 40 50 

T h e  (Sec.) Tune (Sec.) 

Fig 6, Response of the FC to 20% step increase in the 
input fuel rate 

4. MICRO TURBINE SYSTEM 
MTs represent a new generation of conventional 

gas turbines that are characterized by small and 
compact construction and high-speed operation. The 
MT unit consists of three main parts, which are the 
compressor, the combustor, and the turbine. Similar to 
conventional gas turbines, the compressor is used to 
pressurize the air, which is then forced to enter the 
combustor [a]. At the same time, a certain amount of 
fuel is injected and mixed with the compressed air in 
the combustor and the mixture is ignited. Then, the hot 
combustion gases flow and expand through the turbine 
and thus, mechanical energy is extracted [8]. Unlike 
conventional gas turbines, a Permanent Magnet 
Synchronous Generator (PMSG) is used to convert the 
mechanical energy of the turbine to electrical energy. 
At the same time, a part of the turbine power is utilized 
for driving the air compressor. 

The speed of the MT is very high to be interfaced 
directly to the load. Therefore, a methodology for 
reducing the frequency is required. In this research, a 
cycloconverter is used to reduce the frequency and at 
the same time to regulate the terminal voltage. This is 
accomplished through two PI controllers. For 
simplicity, the PMSG is represented in this study by a 
simple first order model. Fig 7 shows the block 
diagram of the micro-turbine dynamic model [14]. 

Fig 7, Model of the micro-turbine generating unit 
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The turbine is simulated using the well-known 
function 'y as follows 

f= 1.3(Wt- MT,,,in) + 0.5 (1- W) (4) 
The main symbols in the figure are as follows: 

H: inertia constant 
K,, K,,,: gains of speed governor and generator 

respectively 
V ,,(, f,*, o,<r: reference voltage, frequency, and angular 

speed respectively. 
P,, PC,,, P.,: power from exhaust air, input,.electrical. 

and mechanical power, respectively 
T,, r,T,r,,,: lag-time constants of speed governor, valve 

positioner, and generator respectively 
W,,,: is an offset representing the fuel demand at no- 

load 

Since the dynamic operation of the MT is similar to 
that of the gas turbine, i t  is enough to examine the 
perforn~ance under one disturbance. The simulated 
disturbance is a 20% step increase in the load 
impedance. The response of the MT is s1;own in Fig 8. 
As shown in the figure, the load variation muses a 
corresponding variation in the load cnrrent and the load 
active power. On the other hand, the terminal voltage is 
maintained constant with negligible overshoot. The 
voltage dcviation did not exceed 0.3%, which reflects 
the success of the controller to r w l a t e  the terminal 
voltage. 
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Aefive power (p.n.) A-npllnr speed freq. @.ti.) 

1.00.' 

0.85 

Fig 8, Response of the MT to a 20% step increase in 
load impedance 

Regardless of the variations and steady state 
deviation of the angular speed, the frequency is 
maintained within acceptable levels. The frequency 
maximum deviation is about 0.3 %, while that of the 

angular speed is about 0.9%. It is not necessary in this 
case to regulate the angular speed itself, but the focus is 
to regulate the frequency. 

5. HYBRID FiLTEL CELL- MlCRO 1-URBINE UNIT 

Many attempts are directed to develop a hybrid unit 
comprising a high-temperature FC, an air compressor, a 
low capacity gas turbine, and a PMSG. In the Fuel 
CellNicro-Turbine unit "FCMT", it is possible to 
extract electric power from the stack and the PMSG at 
the same time. The downstream turbine operates in this 
case without combustor given that it is driven by the 
exhaust air from the fuel-cell [15][16]. It is required to 
use a start up combustor to drive the turbine and it may 
be used in some cases in the running mode to increase 
the generated power. Fig 9 illustrates the FCMT hybrid 
configuration. As shown in the figure, :here is no direct 
influence of the MT on the operation of the FC. On the 
other hand, the operation of the hubine depends on the 
thermal power produced by the FC. This thermal power 
itself is assumed to be in proportional to the elechical 
power. Thus, the input thermal power to the turbine is 
proportional to the generated electric power in the FC. 

fiesswized air 

Compressor 

---A j 
Exhaust air from the he1 cell 

DC 
.AC 

Fuel cell inverter 

Themial power 

Fig 9, the FCMT hybrid configuration 

For this configuration, the terminal voltage and 
frequency of the FC are controlled by regulating the 
firing angles of the 1XIAC converter. In addition, the 
terminal voltage and frequency of the turbine are 
controlled through the cycloconverter. The electric 
power of the FC can be regulated, if required, by 
adjusting the input fuel rate, which in turns affects the 
thermal power to the turbine. In this case, it is required 
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to regulate this thermal power to control the generated 
electric power in the turbine. For this purpose, the 
generated power in the turbine is compared with the 
reference value and the error is used as an input to a PI 
controller to regulate the thermal power as shown in 
Fig 10. 

From fkel cell a I I Exhaust 

Fig 10, Regulating the generated electric power in the 
turbine. 

The hybrid system is subjected to a 20% step 
increase in both load impedances connected to the FC 
and the MT. The response to this disturbance is shown 
in Fig 11. It is clear that the FC experienced higher 
overshoots in both voltage and power. However, the 
response of the FC is much faster than that of the Mt. 
The individual controllers succeeded to regulate the 
terminal voltage as well as the frequency of the MT 
and the stack temperature of the FC. 

. , .  

D e  increase of ,the load impedance causes a 
reductiqn $I tlie generated power. As a result, a 
corresponding decrease in the load current takes place. 
Regardless of the steady state deviation of the angular 
speed, the frequency is maintained fixed at 1.0 p.u. 

The second disturbance is a 20% step increase in the 
input fuel rate to the FC. The load impedances of both 
the FC and MT are held constant. The target is to 
examine the impact of this action on the MT since the 
variation of the FC power impacts the input thermal 
power to the turbine. To examine this action, no control 
action is introduced to regulate the thermal power from 
the FC. As shown in Fig 12, the disturbance causes a 
sustained variation in the angular speed and load 
current and power. 

However, the terminal voltage, load frequency and 
stack temperature return back to rated values by 
controller action. Similar to the operation of the FC 
alone, the slow performance is caused due to the 
influence of the reformer delay. The variation of the 
MT power can be reduced or ehinated if the control 
action to regulate the thermal power from the FC is 
activated. 

6. GENERAL DISCUSSION AND CONCLUSIONS 
In addition to the dynamic performance, some 

general comparisons are given to differentiate between 
the different DG units. The main target is to evaluate 
the units as a whole regarding four maio topics. The 
fitst is the existence of the combustion and mechanics, 
which causes any problems and increases the 
maintenance requirements. The second is the 
efficiency, which represent a quality factor. In addition, 
the disturbance variables are identified to highlight the 
source of disturbance with each unit. Finally, the 
control variables are clarified to demonstrate the 
possibility of regulating the unit performance. 

FC outpnt voltage @.a) 
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0.85 

0 . 8 1 0 . 9 5 -  
FC power @.a) Stnck temperanut (K) ;:pi;rl 1 
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\ I 
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0  5  10 15 20 0  5 10 15 20 

Time (Sec) Tkne (Sec) 
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1.03 g p 1 1 . 0 0 5 1 1  
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M? power @.u.) &IT ang. qeed & fieq. @.a) 

1.05, 

Time (Sec) T h e  (Sec) 
Fig 11, Response of the hybrid system to a 20% step 
increase in both load impedances of the FC and the 

MT. , 
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Fig 12, Response of the hybrid system to a 20% step 
increase in the input fuel rate of the FC 

6.1. Regarding the combustion and mechanics 

Unit Combustion Mechanics 
Fuel Ce!l No No 
Micro Turbine - Yes Yes 
Hybrid FCiMT No Yes 
Wind Turbine No Yes 

6.2. Regarding the efficiency 

6.3. Regarding the disturbance variables 

Unit Disturbance variables 
Fuel Cell Load variation 
Micro Turbine Load variation - --- 
~ ~ b r i d w z a r i a t i o n  ------ 
Wind Turbine Load v a r i a t i o n ~ ~ d  speed 

6.4. Regarding the control variables - - -. 
Unit -- Control variables 

Fuel Cell Input - fuel rate and the modulation index 
MicroTurbine Valve position and angles of the 

Cycloconverler - - 
~vbrid FCMT Input &el rate, modulation index, valve 

posiiion nnd angles of rhe cycloconvcner --- 
Wind Turbine Blade pitch angle, exciter irput 
7- 

6.5. Regarding the dynamic performance 

The presented results ensure the possibility of 
obtaining regulated dynamic performance when 
suitable controllers are developed. Regarding the 
dynamic operation, the MT shows the smallest 
overshoots either when operating alone or in the hybrid 
configuration and the FC shows the largest overshoots. 
This can be observed from the curves of the voltages 
and anplar speeds. On the other hand, the FC can 
provide fast response after load variations if the input 
fuel rate is maintained constant. The absence of the 
combustions and mechanics in the FC unit results in 
this fast performance. However, the variation of the 
input fuel rate either to change the setting point or as a 
result of the load variation causes a slower dynamic 
response. This is attributed to the action of the 
reformer, which has a relati~ely large time constant. 

The hybrid configuration can provide more 
flexibility due to the power generation from tow 
sources. However, the dependence of the MT on the 
output from the FC causes slow response of the MT 
with the variations of the input fuel rate. The generated 
power from the wind turbine has lower quality due to 
the continuous variations of the wind speed. Hence, 
complicated contro:lers are required. 
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