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a  b  s  t  r  a  c  t

Solid  oxide  fuel  cell and  micro  gas  turbine  (SOFC/MGT)  hybrid  system  is  a promising  distributed  power
technology.  In  order  to  ensure  the system  safe  operation  as well  as  long  lifetime  of  the  fuel  cell,  an  effec-
tive  control  manner  is  expected  to  regulate  the  temperature  and  fuel  utilization  at  the  desired  level,
and track  the  desired  power  output.  Thus,  a  multi-loop  control  strategy  for  the  hybrid  system  is  inves-
eywords:
olid oxide fuel cell
icro gas turbine
ulti-loop control

tigated  in  this  paper.  A mathematical  model  for the  SOFC/MGT  hybrid  system  is  built  firstly.  Based  on
the  mathematical  model,  control  cycles  are  introduced  and  their  design  is  discussed.  Part  load  operation
condition  is  employed  to investigate  the  control  strategies  for  the system.  The  dynamic  modeling  and
control  implementation  are  realized  in the  MATLAB/SIMULINK  environment,  and  the  simulation  results
show  that  it  is  feasible  to build  the  multi-loop  control  methods  for  the  SOFC/MGT  hybrid  system  with
regard  to  load  disturbances.
. Introduction

Among the fuel cell, solid oxide fuel cell (SOFC) is a high tem-
erature fuel cell (600–1000 ◦C), which allows not only high fuel
ell efficiency but also the additional possibility of its acting as a
igh temperature heat source for various gases [1].  The most ben-
ficial way of utilizing this potential is to smoothly combine with
he micro gas turbine (MGT).

It is important to ensure system stability and performance
or maximum service life. Thus, one important challenge for the
OFC/MGT hybrid system is to design control strategies for the sys-
em operating under different working conditions, especially for
he part-load operation. Under various loads, SOFC operating tem-
erature and turbine inlet temperature have great influences on the
erformance of the SOFC/MGT hybrid system [2].  Consequently it is
ecessary to find a suitable control method to control the tempera-
ure in a specified range with smaller fluctuation. For the SOFC/MGT
ybrid system, too low fuel utilization leads to low steam con-
ent in the anode recycle and the high turbine inlet temperature
nd therewith the risk of carbon deposition and compressor surge.
n the other hand, too high fuel utilization leads to steep internal
emperature gradients in the fuel cell and herewith advances ther-
al  cracking. Thus, the fuel utilization is usually kept within the

ange from 75% to 90%. In addition, load transient often involves
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significant peaks in power relative to the steady-state load, so the
power plant should be controlled to deliver the desired power
output.

During the last several decades, many researchers have made
great efforts on SOFC/MGT hybrid system modeling to improve
its performance. However, few studied the part-load operation
and control strategies. A detailed dynamic model was presented
and feedback control strategy was proposed to control the SOFC
temperature and output power of a SOFC/MGT hybrid system in
Ref. [3].  The power and SOFC operating temperature control in a
biomass gas fueled SOFC/MGT hybrid system were discussed in Ref.
[4].  In Ref. [5],  an integrated model for a load-connected SOFC/GT
hybrid system was  introduced firstly, and then PI controllers were
employed to control the SOFC operating temperature and fuel uti-
lization. In Ref. [6],  a feedback control was used to control the
SOFC operating temperature and combustor temperature during
the transient. All the simulation results gave satisfactory results.
However, the SOFC/MGT hybrid system is a multivariable and
strong coupling nonlinear system, how to decouple the coupling
thermal system and design practical controllers are not considered
in the open literatures. Moreover, most of the controllers have not
considered the thermal, power and fuel utilization control at the
same time.

Therefore, the project of this article is to present a compre-

hensive control layout for the SOFC/MGT hybrid system. The
system has four control variables, which are power, SOFC oper-
ating temperature, turbine inlet temperature and fuel utilization.
The manipulated variables are current, fuel flow, air flow, etc. There

dx.doi.org/10.1016/j.jpowsour.2011.05.075
http://www.sciencedirect.com/science/journal/03787753
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Nomenclature

x6,CH4 inlet methane molar fraction
x6,CO inlet carbon monoxide molar fraction
x6,H2 inlet hydrogen molar fraction
Tst SOFC stack temperature (K)
T∗

st ideal SOFC stack temperature (K)
TTIT turbine inlet temperature (K)
T∗

TIT ideal turbine inlet temperature (K)
uf fuel utilization
u∗

f
ideal fuel utilization

n1 air flow rate (mol s−1)
n6 fuel flow rate (mol s−1)
n rotate speed (rpm)
r3 hydrogen reaction rate (mol s−1)
fc bypass valve opening
Pac stack power output (kW)
P∗

ac desired output power (kW)
e error
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turbine can be obtained from Ref. [10].
• The shaft model includes acceleration/deceleration of the shaft

through moment of inertia of the moving parts.
The mathematical model replaces the real SOFC/MGT hybrid
i SOFC stack current (A)

s strong interaction among the manipulated and controlled vari-
bles. However, as the required time scales are very different for
ifferent control issues, a multi-loop control design may  be applied
ithout resulting in instabilities.

In order to design a control system, a nonlinear model that the
ontroller will use is the first step. This model should be as accurate
s possible, while being simple enough to allow for calculations. If
he mathematical model of the SOFC/MGT hybrid system is applied,
t will consume much time to obtain the solutions. For this rea-
on, a nonlinear model of the SOFC/MGT hybrid system is built by

 dynamic RBF neural network model. Based on the dynamic RBF
dentification model, an adaptive Proportional-Integral-Derivative
PID) decoupling control scheme is proposed to control the tem-
erature of the SOFC/MGT hybrid system in a specified range, and

 Model Predictive Control (MPC) scheme is built to control the
ower output within a safety range. In addition, a single neuron
daptive PID controller is applied to reset the fuel utilization to its
tatic value of 85%.
. SOFC/MGT hybrid system model

A topping cycle pressurized SOFC/MGT hybrid system is shown
n Fig. 1, which is designed on the basis of the tubular tech-
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nology pioneered by Siemens Westinghouse in the 1970s [7].
It consists of an anode recirculation SOFC and a micro gas tur-
bine. The pressurized fuel is brought to the mixer to blend with
the anode recirculation stream to support the steam reforming
reaction in the pre-reformer and anode compartment of the fuel
cell. The whole model is implemented in the equation based on
modeling tool MATLAB/SIMULINK. The sub-models comprise the
following:

• The anode recirculation SOFC model developed in this study is
based on the design of Siemens Westinghous. The SOFC stack
model consists of electrochemical and thermal models. Details
of the SOFC modeling can be found in our previous studies [8].
Assuming that temperature is uniform in a stack, the energy bal-
ance equation for the SOFC is [10]:

Tst = f1(i, n1, n6) (1)

The output power of the SOFC stack Pac can be expressed as
follows [8]:

Pac = f2(i, n1, n6) (2)

The fuel utilization of the anode recirculation SOFC system is
described by:

uf = r3

n6 · (4x6,CH4 + x6,CO + x6,H2 )
(3)

• The catalytic burner is modeled on the basis of the fuel
oxidation reactions, assumed to be driven to completion. A single-
pass counter-flow plate-fin heat exchanger is chosen here [9].
The temperature of the turbine inlet gas can be determined
from [10]:

TTIT = f3(i, n1, n6) (4)

• Typical compressor and turbine maps are used in the modeling.
The ideal temperature of the working fluid at the outlet of the
system to generate the simulation data required for the identifi-
cation of the dynamic RBF neural network. The SOFC/MGT hybrid
system model developed in MATLAB and the setting parameters
can refer to the literature [8].
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Fig. 3. Power tracking control system.

. Control of SOFC/MGT hybrid system

.1. Control scheme design

The main objective is to maintain SOFC temperature and tur-
ine inlet temperature within a small range, to regulate the output
ower to track the load, and keep the fuel utilization a stable value
nder the part-load working condition. This goal can be realized
y adjusting the control variables such as air flow rate, fuel flow

ate, bypass valve opening and current. Due to the strongly differ-
nt controller time scales, the interaction between various control
oops does not lead to instability. Therefore, a multi-loop control
esign may  be applied.
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Fig. 4. Fuel utilization control structure based on imp
FC/MGT hybrid system.

• Thermal control: There is strong interaction among the manip-
ulated variables (fuel flowrate and air flowrate) and controlled
variables (SOFC operating temperature and turbine inlet temper-
ature), so the coupling thermal system should be decoupled. The
inlet air flow can be adjusted by the gas turbine rotate speed n,
and the fuel flow which enters the burner is controlled by the
opening fc of the bypass valve 2 (BV2) which connects the inlet
fuel to the burner. Bypass valve opening is commonly expressed
as a percentage that zero means shut-down and one means fully
open. So the manipulated variables can be defined as bypass valve
opening fc and rotate speed n (very slow).

• Power control: Due to its quick dynamics, power is controlled by
manipulating SOFC current. As it is only limited by the electro-
chemical reaction restoring the charge which has been drained
by the load, the fuel cell can respond very quickly to load changes.
Typically, time constants of below 1 s are deemed as a change in
current [3].  For the primary control of power, it is therefore rea-
sonable to manipulate the current (magnitude of less than one
second).

• Fuel utilization control: By manipulating the fuel flowrate (mag-
nitude of few seconds).

The mentioned control loops are explained in detail in the fol-
lowing sections. The resulting control system is sketched in Fig. 2.
It must be pointed out that the control strategy presented here is

adapted to the behavior of the described system. Even though the
shown parameters are only valid for this system, it is expected that
the control strategy can be adapted to a real system once data of its
true behavior are available.

1z
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roved single-neural unit adaptive PID control.
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The basic frame of the proposed model predictive controller
based on the dynamic RBF identification model is shown in Fig. 3.
Where, yp is the real output of the SOFC/MGT hybrid system, ym the
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.2. Thermal decoupling control

The structure for the temperature decoupling control of the
OFC/MGT hybrid system combines the dynamic RBF neural net-
ork and the conventional PID controller [11]. The dynamic RBF
eural network is used to tune parameters of the conventional
ID controller to keep system stable. For two inputs and two  out-
uts system, the coupling effect from the second loop is treated

s exterior disturbance to the first main loop. At the same time,
he coupling effect from the first loop is treated as exterior distur-
ance to the second main loop. Then, the PID controller based on the
Fig. 6. Generating efficiency response.

dynamic RBF neural network is used to eliminate the disturbance
and improve the tracking performance.

3.3. Power tracking control
Fuel flow change

Fig. 7. Fuel utilization dynamic response. (a) Fuel utilization control. (b) Fuel flow
change.
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predictive output of the dynamic RBF neural network model. yr is
the reference power defined as follows:

yr(k + 1) = c · y(k) + (1 − c) · r(k) (5)

where c is the gentle factor, 0 ≤ c ≤ 1, and r(k) is the system set value.
The predictive output of feedback system is:

yp(k + j) = e(k) + ym(k + j) (j = 1, 2, . . . , P) (6)

where P is the predictive horizon, and the error at instance k is
defined as:

e(k) = yp(k) − ym(k) (7)

Define the objective function as:

J = min

⎧⎨
⎩

P∑
j=1

[yr(k + j) − yp(k + j)]2 + �

M∑
j=1

�u2(k + j)

⎫⎬
⎭ (8)

�u(k + j) = u(k + j) − u(k + j − 1) (j = 0, 1, . . . , (nu − 1)) (9)

s.t.

{ |�u(k + j)| ≤ �umax

umin ≤ u(k + j) ≤ umax

ymin ≤ yp(k + j) ≤ ymax

where �u(k + j) is the increment of controlled signal, M the control
horizon, � the weight coefficient. Based on the dynamic RBF neural
network model, the object function J is optimized and the optimal
output can be obtained. The optimization process can be obtained
from Ref. [12].

3.4. Fuel utilization control

After a load change, the fuel utilization must be reset to its static
value of 85%. This is achieved simply by a single neuron adaptive PID
controller, which is shown in Fig. 4. Where r is reference input, e the
error, y the feedback, xi the neuron input, ωi corresponding weight,
and K is proportion coefficient. The input of neuron is expressed as
follows:

x1(k) = e(k) − e(k − 1) (10)

x2(k) = e(k) (11)

x3(k) = e(k) − 2e(k − 1) + e(k − 2) (12)

The output of neuron is described by:

�u(k) = K

3∑
i=1

wi(k)xi(k) (i = 1, 2, 3) (13)

Single neuron adaptive controller realizes the functions of self-
adapting and self-learning by adjusting the weights. Thus, the
algorithm to adjust weights is the core of single neuron controller.
Based on the quadratic performance index, the weighting coeffi-
cient is adjusted with the minimum weighted square sum of the
output error and control increment [13].

4. Simulation

In this research, part-load operation condition is employed to
investigate the control strategies of the SOFC/MGT hybrid system.
Firstly, with the physical model, the training data for the dynamic
RBF neural network is generated. The width and center of the RBF
hidden bi, ci are chosen on the interval [0, 5] and [−4, 4] respec-

tively, and the connection weight of ith hidden node to the Nth
output node wiN is [0, 1]. bi, ci and wiN are trained on-line. Based
on the dynamic RBF neural network, the various control loops are
performed.
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When the external load of the SOFC/MGT hybrid system has a
eries of step changes shown in Fig. 5(a), the model predictive con-
roller is used to control the SOFC power. Let the predictive horizon

 = 8, the control horizon M = 1, the gentle factor c = 0.55, the weight
oefficient � = 0.45, the setting value ε = 0.05, the correction factor

 = 1.6, and searching precision b0 − a0 = 0.08. The power output
f the SOFC/MGT hybrid system tracks the reference power sat-
sfactorily, which is shown in Fig. 5(a). The maximum error of the
utput power is 3.64%, and the mean steady-state error is 0.11%.
he response of the SOFC power output and the MGT  power out-
ut are respectively shown in Fig. 5(b). From the simulation results,
he SOFC output power is the core output power of the SOFC/MGT
ybrid system, and the MGT  output power changes with the SOFC
utput power. It is obvious that the response time of the gas tur-
ine is slower than the SOFC after the load change. The reasons
re mainly in the following: (1) due to the delay in the mechanical
tructure and thermal response, the air flow rate control is slow;
2) the fast readjustment of the electrochemical reaction and the
ast adjustment of the fuel control valve opening to change the fuel
ow rate. Moreover, the ratio of SOFC and MGT  power is around

 according to the output power. The change of the SOFC cur-
ent is shown in Fig. 5(c). The generating efficiency change of the
OFC/MGT hybrid system is shown in Fig. 6. The simulation results
how that it is feasible to adjust the SOFC output power in various
oads, which not only tracks the load but improves the generating
fficiency.

For the fuel utilization, the setting parameters of the single
euron adaptive PID controller are as follows: proportion coeffi-
ient K = 0.03, weighting coefficients of the output error and control
ncrement respectively P = 2.3, Q = 1.4. The proportion, integral and
ifferential learning rate ∂P = 60, ∂I = 1.8, ∂D = 80. The fuel utilization
esponse is shown in Fig. 7(a). There is a big transient change after
oad changes, however the fuel utilization is eventually kept at the
et point value by changing the fuel flow shown in Fig. 7(b). The
aximum transient error of the fuel utilization is 3.76%, and the
ean steady-state error is 0.13%.
The adaptive PID decoupling controller is used to adjust the

emperature to their steady value (1200 K, 1113 K). The learning
ate of the RBF neural network is  ̌ = 0.08, and the inertial coeffi-
ient of the RBF neural network is  ̨ = 0.03. The proportion, integral
nd differential learning rate are �p = 0.08, �i = 0.3, �d = 0.4. The PID
arameters kp, ki and kd are adjusted by self-learning RBF neural
etwork until error approaching zero. The simulation results are

hown in Fig. 8. There is a small temperature change after load
hanges, and the temperature is eventually kept the set point value.
he maximum transient error of the SOFC operating temperature
s 2.46%, and the mean steady-state error is 0.07%. The maximum

[
[

[

ources 196 (2011) 8444– 8449 8449

transient error of the turbine inlet temperature is 2.52%, and the
mean steady-state error is 0.08%.

5. Conclusions

The multi-loop control strategies for the SOFC/MGT hybrid
system have been designed and discussed in the article. The math-
ematical model of the hybrid system is built firstly to generate the
simulation data required for the dynamic RBF neural network iden-
tification model. Then the adaptive PID temperature decoupling
controller and power model predictive controller are respectively
developed to regulate the temperature and power. Moreover, the
single neuron adaptive PID controller is employed to adjust the fuel
utilization. Under the multi-loop control manner, the simulation
results show that the temperature and fuel utilization can operate
within the safety range, and at the same time the hybrid system
can effectively track the desired power output fast and accurately
with regard to load disturbances.

Besides, some other transient impacts besides the external
load are not taken into consideration. Therefore, the extension of
SOFC/MGT hybrid design and control implementation needs to be
investigated in the future.
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