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Abstract:

In this paper a dynamic and steady state model of a distributed generation scheme is
presented. Both the dynamic and steady state results of the simulation model are
verified with those obtained from a laboratory prototype and the results showed a close
agreement. The experimental model was designed to supply isolated loads as well as in
parallel with the grid.

The proposed system consists of a microturbine driving a Permanent Magnet
Synchronous Generator (PMSG). The ac power generated from the PMSG is rectified
and, aong with a Fud Cell, is connected to the dc-link. A PWM inverter delivers ac
power to the load.

The laboratory prototype uses a dc motor as the prime mover for a separately excited
dc generator representing the fuel cell, while the microturbine is modeled using a shunt
dc motor as the prime mover for athree phase PM SG.
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1. Introduction:
HE demand for energy is ever increasing globally and the efficient usage of energy
has become an important issue all over the world. According to the International
Energy Agency (IEA), an estimated $16 trillion will be needed as capital investment in
world' s energy systems over the next 25 years to meet this growing demand.

Fuel Cells are a rapidly developing power conversion technology for both central and
distributed electrical power generation. As compared to micro-turbines and Internal
Combustion (IC) engines, fuel cells offer relatively high conversion efficiencies with
respect to fuel input, low emissions, low noise operation, and high reliability. Power is
produced by the electrochemical reaction that results from passing a hydrogen rich gas
over an electrode called the anode and air over the other electrode, the cathode. The
exchange of ions between the electrodes is facilitated by the electrolyte.

Work has been reported in the literature on steady state modeling [1], [2], and on
dynamic modeling [3] - [7] of fud cells. Fuel cells seem to be a good choice for
distributed generation. The Solid Oxide Fuel Cell (SOFC) has the following promising
characteristics: 1) the by-product is water; 2) High temperature operation, which allows
it to be integrated into Combined Heat and Power (CHP) systems, and 3) it uses a solid
polymer as an electrolyte, which is safer in manufacturing, operation and maintenance.

The motivation behind the idea of this paper comes from research on application of a
fuel cell combined with another Distributed Generation (DG) source for peak power
shaving [8]. Because of the high cost involved in the fuel cells, it was difficult to verify
the results obtained from computer simulations. It also makes it difficult to develop
small-scale experimental models with limited funds. On the other hand, the reduced cost
and flexibility of the fuel cell emulators provide a good training module for students and
application engineers.

Fuel cells are classified according to the heat generated from the chemical reaction
into low temperature fuel cells like Proton Exchange Membrane Fuel Cells (PEMFC)
operating in the range of 100 °C; medium temperature fuel cells like Phosphoric Acid
Fuel Cells (PAFC); and high temperature fuel cells like Molten Carbonate Fuel Cells
(MCFC) and Solid Oxide Fuel Cells (SOFC), where the temperatures generated are
between 650-1100 °C.

Different simulators of the fuel cell have been proposed and reported in the literature
[2, 9-12]. They vary between simulating the steady state or the dynamic response of the
FC. These models use the controlled rectifier to represent the fuel cell dynamics.

In order to build a good fuel cell simulator, a reliable mathematical model of the fuel
cell is first developed, which alows the evaluation of the fuel cell dynamic response as
well as its steady state performance. The dynamic response of the generating system is
important from the control and system management points of view.
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When considering CHP applications, the microturbine/ fuel cell scheme has higher
overall efficiency compared to other cogeneration schemes. Low emission is another
benefit from using the proposed scheme.

In this paper, section 2 describes the proposed scheme and the derivation of the
mathematical model, section 3 illustrates the experimental model, section 4 gives the
results from both ssimulation and the experimental model, and conclusions are presented
In section 5.

2. System description

The proposed system shown in Figure (1) consists of a single shaft microturbine
driving a permanent magnet synchronous generator, which produces ac power with
variable frequency depending on the rotor speed of the generator. Because of the
variable frequency nature of the generated voltage, a three-phase full wave bridge
rectifier is used to rectify the ac power into dc at the dc-link. A Solid Oxide Fuel Cell
(SOFC) is aso connected to the dc-link. Since most loads require AC supply, the dc
power is inverted into ac at the load side by use of a PWM inverter. A transformer
connects the inverter to the load. Although this system is modeled and tested for isolated
loads it can be used to supply grid-connected loads as well.

A. Microturbine

A large body of literature on modeling of microturbines has been reported [13]- [17].
Since the torque required from the microturbine is the only mechanical variable of
interest rather than the mechanical behavior of the microturbine, the simplified model in
Figure (2) isused to represent the microturbine [14], [ 17].

Fig. 1. Theproposed peak power shaver comprising a microturbine driving a PMSG, connected to a 3-phase
full wave diode bridgerectifier. A SOFC is connected to the dc-link. A PWM inverter conditions the dc power
into ac for the load.



Proceedings of the 6 | CEENG Conference, 27-29 May, 2008 | EE008-4 |

Fig. 2. A simplified model of the microturbine.

The microturbine consists of two parts, the mechanical prime mover and the electrical
generator. The model for the mechanical part is divided into two subsystems, the fuel
system and the turbine. The fuel system consists of the fuel valve and actuator. For a
fuel signa (Fg) into the fuel system, the valve positioner equation is[17]:

€rc = 2 Fq (1)
bs +c
Where the constants a, b and ¢ are taken from [15]. Feeding the actuator by the signal
(e.), itsoutput is:
w = Ke e (2)

et s+l

Where ki and t . are actuator gain and time constant, respectively.
The microturbine torque equation is:
T =1.3(W.. - 0.23) + 0.5(Dw) (3)
The torque speed relation of the microturbine is shown in Figure (3), where it can be
approximated into a second order relation as:
T=-77Nw2+7.2w,_+0.5 pu (4)
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Fig. 3. The steady state relation between the microturbine torque and shaft speed.

The electrical generator used is of the PMSG type. The dynamic equations of the
generator represented in the d-q axes are [18]:

Vqs =" R I + qu PI gs - WeLdsids +We| F (5)

s'gs

Vigs = - Rsids + Ldsl:)i s - W L ool (6)

e —gs'gs
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Using the rotor reference frame and assuming the generator phase voltage to be
aligned with the g- axis, we get the following relationships:
Ve =V (7

v, =0 (8)
Where, Vs is the peak value of the generator stator voltage.

B. Bridge Rectifier
A three-phase diode bridge rectifier is used to convert the ac output of the PMSG to
dc at the dc-link. The average value of the rectifier output voltage (Vpc) can be
expressed in terms of the peak of the generator phase voltage as:
3V3
VDC = Tvqs (9)
Assuming the rectifier to be lossless, the instantaneous real power on the ac side must
equal that on the dc side, that is,
3 .
VDC I bc — quslqs (10)
Substituting the value of (Vpc) from (9) into (10), the rectifier current is
_ P
loe = P (11)
As an uncontrolled rectifier is being used, no reactive power will be transferred from

the PM SG to the dc link and hence the value of i, will be zero.

In order to write the differential equations for the overal system, we need to
transform the electrical quantities from the dc side of the rectifier to the generator side.
Using (9) and (11) the transformations are:

For resistance and inductance:

p 2
29="—7 12
1 (12)
V oltage transformation:
¢ - P 13
VDC - 3\/§VDC ( )
Current transformation:
lgc = &l e (14)

Where the superscript g represents the quantity referred to the generator side and Z
represents resistance and/or inductance.

C. Fuel Cell Model
Fuel cells convert the chemical energy contained in a fuel into electrical energy as
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illustrated in Figure (4) [19]. The chemical reactions directly involved in the production
of electricity are given by:
At the anode:
H,+O ® H,0+2¢
At the cathode:
0, +4e ® 207

O +de-= 207
¢ =
0.
He+O=->H,0 + W/
2e-
Fuel ED Fuel
Feed H., CO Exhaust
—>

Fig. 4. Solid Oxide Fud Cell (SOFC) basic operation.

The developed model was based on the following assumptions:
The fuel used is pure hydrogen; the fuel reformer is not modeled.
Cell temperature is constant. Temperature variations across the stack are
neglected, and the heat capacity of the cell is assumed constant.
Only activation and ohmic losses are considered, by keeping the ratio of fuel to
ar constant al the time the effect of the concentration overvoltage can be
ignored.

The mathematical model of the fuel cell is derived by calculating the change in partial

pressures of different reaction components, given by [7]:

dp 1.1 . .

d;“ = (@, - 2K,i¢)- py,] (15)
H2 H2

dpo, 1 1 , ., .

dt _'[ [k (qo2 - Kr'fc)' poz] (16)
0, 0,

dp,,, 1 1 .

dHtO = =—2K i - Puol (17)
H,O H,O

The ratio of the molar flow rate of oxygen and that of hydrogen is kept constant at
0.856. The above equations describe three decoupled first order linear differential
equations with inputs the inlet molar flow of hydrogen and the fuel cell output current.

The above equations can be solved to give:
-t . .
th, qln2 - 2KrI c
Py, = (1- €% )(— ” <) (18)
H

2
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qO r fc
=(1- et ” )(2—) 19
ko, (19)
Pu,o = (- et“z" )( ” i fC) (20)
H,0
The output voltage from the fuel cell is calculated by using the Tafel equation as,
Vfc = Efc - Vohmic - Vactivation - Vconcentrat jon. (21)

The value of the Nernst Voltage (Ex) is found from Nernst Equation:
e 1/2 uo
£ = NoGE, + 0 gn PrPo. g
8 2F @ pHZO gﬂ
The ohmic overvoltage (Vv,,..) is due to electrical resistance of electrodes and the
resistance to the flow of ionsin the electrolyte [12] and is calculated by ohnv' s law.
V = I fc * Rfc

ohmic

(22)

The activation overvoltage (Vactivation ) is a function of the cell current and hydrogen
concentration [3]. It can be represented by the following equation.
Vactivation = B In C ifc

Where, the constants B and C depend on the cell type.
By assuming that the fuel cell is operating in the linear region and that the flow of
hydrogen and oxygen is kept constant, the concentration overvoltage (V. ... ..) IS

ignored in deriving the model [7]. The block diagram representing the fuel cell model is
shown in Figure (5).

D. Pulse Width Modulated Inverter
Fourier analysis of the output voltage from the inverter takes the following form [20]:
V= mv—stin(vvt +d) + Besselterms (23)

Ignoring the higher frequencies, the amplitude of the inverter output voltage in a
synchronoudly rotating reference frame can be expressed as;

—_ VR
ti v m? (24)

Where, the quadrature axis is assumed to align with Vgny.
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Fig. 5. SOFC fuel cell model, the inputsto the model are i, which is determined from the electrical circuit connected to the
fuel cell and (g ) from the fuel reformer.

Assuming the inverter to be lossless, the instantaneous real power from the inverter is

equal to the dc link power, that is
3 ..
quinvlqinv - Vdcldc;
From which the inverter output current is related to the dc link current by:
: 4 .
I ginv = 3_m e (25)
Referring the ac side quantities of the inverter to the dc-link side by using (24) and
(25) we get:

V(;iv = itinv (26)
and,

e 3m .

| ginv  — TI ginv (27)

Where, the superscript DC refers to the dc link side of the inverter.

E. Overall System Model
After referring all quantities into the PMSG side the overall system equations can be

written from the equivalent circuit shown in Figure (6) as:

. 1 . .
qus = L +L9 [I W + ngclig - E?c - (Rs + Rrg + R?c)lqs] (28)
qs T
(9 — g 9:9 _ (P9I g CRYR:
Pi° = Lo+ L0 [Ef +Riig - (R +R? +Rg)i7] (29)

And the mechanical equations
3 : .
T =20 e+ (L~ Ly)igies)) (30)
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(31)

Fig. 6. g-axis equivalent circuit for PPS.

3. Emulation model
a) Fuel Cdl

The proposed model consists of a separately excited dc generator. The output voltage
from the dc generator is controlled by controlling its field current. Using a fully
controlled single-phase bridge rectifier, the generator’s field current can be changed in
order to control its output voltage. Because of the nearly constant speed versus torque
characteristics of the shunt motor, it is used to drive the dc generator at constant speed.
The large inductance in the generator field circuit does not alow it to generate when
supplied directly from the rectifier. To solve this problem, a capacitor bank is placed on
the output of the rectifier and is used to reduce the fluctuations in the rectifier’ s output
voltage, as shown in the block diagram [Figure (7)].

The control algorithm followed to present the fuel cell characteristics is as follows. By
measuring the load current, the controller calculates the corresponding fuel cell voltage
(Ex.) from equations (18-22). The difference between the fuel cell voltage (E;) and the
generator’s output voltage (Vy) goes into a Pl controller which controls the firing
instants of the rectifier and hence the value of the generator’ s output voltage.

Because the proposed model is a laboratory small scale size and is intended to
represent small size as well as large size fuel cells, per unit values are used to represent
different electrical quantities where the base values of which are included in the control
program. These base quantities can be changed in the control program to represent
different fuel cells.
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Fig. 7. Block diagram of the fuel cell emulation modd.

Figure (8) shows a photograph of the laboratory setup. Using a data interface card, the
measured signals from the generator terminals are conditioned into a range suitable for
the Data Acquisition Card (DAQ). An NI-6025E DAQ is used to read the signals and
generate the rectifier control voltage. The software used is LabView because of its
advanced capabilities to do real time measurements and control. The Graphic User
Interface (GUI) of the software allows the user to change different fuel cell parameters
in real time and notice the changes it has on the mode!.

Fig. 8. Emulation modd of SOFC using a shunt dc motor driving a separately excited dc generator representing the fuel
cel. The drive motor armature voltage represents the FC hydrogen flow.

b) Microturbine

The steady state characteristics of the mechanical part of the microturbine are
represented using a shunt dc motor which drives the PM SG. Following Equation (1) the
torque produced from the Microturbine at any instant can be estimated by knowing the
corresponding per unit value of the shaft speed. Figure (9) shows a block diagram of the
laboratory model of the microturbine. Two signals are measured from the shunt motor
its rotor speed (N;) and its armature current (I;). The difference between the armature
current and the calculated armature current is fed into a Pl controller which determines
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the control voltage to the single-phase rectifier.

Fig. 9. Block diagram of microturbine emulation model.

4. Simulation and experimental results

The proposed model was smulated using MatLab and the simulation results are
shown in Figures (10-15). During these simulations the load changed from 0.47 to 0.65
pu at 75 sec. and was then removed at 370 sec. Load insertion and rgjection is shown in
Figure (10). The load current is shared between the fuel cell and microturbine which is
shown in Figures (11), (13). Due to the increase in the fuel cell current, the fuel cell
voltage is reduced as shown in Figure (12). In order to keep the output load voltage
constant, the value of the modulation index is controlled using a Pl controller as shown
in Figure (14). Figure (15) shows the load real power output from the system.

=
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Fig 10 Load curent a step increase inthe load is Fig 11. Change inthe fuel cell curent due to step
applied to the systern at t=75 secand then remowed change in the load.
at t=370 sec.
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The experimental model is used to verify the simulation results presented above and
the results are shown in Figures (16)-(21). During the experiment the load voltage was
kept constant at 1 pu. Comparison between the experimental measurements and the
corresponding simulation results shows a close agreement for all the curves except for
the microturbine current in Figures (17) and (13), the reason for this is that, only the
steady state torque-speed relation of the microturbine is modeled in the system. Figure
(16) shows the load current where the load is increased at 70 sec and removed at 240
sec. Figure (17) shows the microturbine current. Fuel cell current is illustrated in Figure
(18) a small overshoot occurs in the fuel cell current and is limited by the inductance
associated with the generator armature inductance. The generated voltage corresponding
to the fud cell current is shown in Figure (19). Figure (20) shows the change in
modulation index in order to get the required load voltage and the corresponding load
real power shown in Figure (21).
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5. Conclusion
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In this paper, a distributed generation scheme has been presented. The mathematical
dynamic model has been derived. A laboratory model was built to produce the
characteristics of the computer model. The experimental results confirmed a close
agreement with computer simulations. This study showed that a separately excited dc
generator can be used to represent a fuel cell. The high inductance in the generator’s
field circuit alows it to simulate the slow fuel cell dynamics. This model has been
designed to supply isolated loads as well as those connected to the power grid. [t can
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also be integrated with different distributed generation sources for peak power shaving
of connected loads.
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Nomenclatures:

Eo Open cell voltage (V).
Esc Fuel Cell emf.
F Faraday’s constant (C/kmol).
K. =% Modeling constant (kmol/sA).
loc Dc- link current (A).
J Rotor inertia.
Lr, Li The rectifier and inverter inductance, respectively.
Lgs) Las Stator quadrature and direct axis inductances, respectively.
No Number of cellsin series in the stack.
P Number of poles of the PMSG.
R Universal gas constant (J K/kmol).
Ric Fuel cell electrical resistance.
R Load resistance (W)
R Rectifier resistance (W)
Rs Rotor resistance (W).
T Stack temperature (K).
Te Electromagnetic torque from the PMSG
Tm Mechanical torque generated from the microturbine
\_/DC dc link voltage.
s Fuel cell current. (A).
i Inverter output current referred to generator side.
g sgs PMSG 'sdirect-, quadrature- axis currents, respectively.
K, Ko, Kiv0 Fuel, air and fuel exhaust valves molar constant, respectively (kmol/atm s).
m The inverter modulation index.
Pu,: Po,» Py,o  Partial pressure of hydrogen, oxygen and water respectively (atm).
ds, . do. Inlet molar flow of hydrogen and oxygen (kmol/s).
Vs Vs Generator’ s quadrature, direct axis voltage, respectively.
d Phase shift of the output waveform.

I £

ty,lo,tho

We
w
Dw

Permanent magnet flux linkage amplitude.

Fuel, air and fuel exhaust valves time constants, respectively ().
Electrica angular velocity of the PMSG rotor [rad/s].
Fundamental frequency of output waveform.

Per unit change in rotor speed.





