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Abstract- Modeling, measurement and control are the most
important aspects, for making any renewable source to be in
synchronism at the earliest with the utility grid during any load
demand power change. This is to put minimum stress at the
grid during load change as per the latest grid-code. Therefore,
in this paper an efficient and rugged active power controller
based on ANFIS has been implemented for improving the load
tracking of grid connected static renewable source i.e. SOFC.
Additionally, this controller is subjected to the constraint that
the fuel utilization factor of the SOFC should stay within safe
limits. The comparison of this proposed controller shows
superior performance in contrast to conventional integral
controller. The results have been verified in real time
environment provided by OPAL-RT’s simulator through
hardware-in-loop.

Index Terms- ANFIS; grid synchronisation; HIL; load-tracking;
OPAL-RT; real-time; SIL; SOFC;

L INTRODUCTION

With growing industrialization, form of power generation
has changed from the past few decades [1]. Earlier the
common forms were heat, nuclear or thermal and now the
trend has shifted towards cleaner forms of energies like solar,
wind, chemical, hydro, etc. These newer forms of power
generation are renewable, non-polluting and efficient with
abundant availability [2], [3]. Among these forms of
energies, renewable chemical energy has recently gained
popularity, for instance solid oxide fuel cell (SOFC) which
converts chemical to electrical energy [4]-[6]. This power
source alone is not sustainable until connected to the AC
utility grid. But, this grid connected source which is static,
slow and DC power generator creates serious problems like
synchronization and poor load power sharing with grid
during any load demand power change in contrast to
conventional grid connected AC generator [7]. The
researcher in [8] has attempted to synchronize DC source
using inverter with its associated control circuitry and phase
locked loop (PLL), but still there is a scope for further
improvement. In [9] and [10] researchers have tried to
investigate the load tracking with conventional controllers
like PI and optimal PI. Other approaches like fuzzy and
adaptive fuzzy logic based controllers in [11], [12]
respectively have also been used to fast the load tracking
under rugged conditions, still these controllers are quite
slow. One of the most popular and adaptive controller is
ANFIS (adaptive neural fuzzy inference system) which has
self learning ability with unified rules [13]-[16]. It is
efficient and has been applied in number of applications of
power system [17]-[19].
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While tracking the load demand power change, fuel cell
follows inverter or visa-versa at a slower pace because
inverter is a fast acting device and operates within fractions
of seconds. On the other hand, SOFC is a slow acting device
and takes few seconds to reach the steady state. This creates
a lag between active power demand and supply [20], [21].
Another important aspect is that if more power is fetched
from SOFC to cover-up this demand and supply lag then,
there is a possibility that SOFC’s life is greatly affected.
Since the net loss in the system is generally kept minimal in
order to improve the load tracking capability, but especially
in case of SOFC the load tracking is a critical factor because
the power generation depend on its chemical reaction that
takes time to occur to generate requisite amount of power.
Thus apart from reduction in overall losses in the power
circuit of the system, it is important to fasten the rate at
which the fuel is utilized, known as process of fuel
utilization in the system in order to reduce the time taken by
SOFC in response to any change in active power demand
[22], [23]. This is maintained by keeping the utilization
factor within limits i.e. 0.7 to 0.9 in order to ensure the safe
operation of grid connected SOFC system while improving
the load tracking capability [24].

With the above mentioned issues, the need for adoption
of an advanced controller to address the problem of gap
between power demand and supply in a grid connected
SOFC system while maintaining the grid synchronization
and life of SOFC is necessitated. In [25] effort has been
made to fill this gap for a stand-alone SOFC system using a
fuzzy predictive control approach. However, the validation is
completed using simulation study under certain constraints
but still it lacks in providing the robust design of a controller
to be directly implanted on an actual system. Since real time
implementation is the need of modernization because the
controllers designed with real time conditions are easily
implemented onto the actual power system [26], [27]. Thus,
many real time simulators like OPAL-RT, RTDS, dSPACE
etc are available that provide features for the analysis of the
power system in real time [28]-[31]. Among these OPAL-
RT’s ARTEMIS-SSN real time simulator has been utilised in
this research work as it provides a plateform through a
software, real time laborartory (RT-LAB) where the test
system model is prepared. This simulator provides two ways
for model execution in real time, (1) software-in-loop (SIL)
and (2) hardware-in-loop (HIL). In SIL the model is prepared
and executed for safety and then finally implemented in HIL.
In this way, the validation of the work as per real conditions
is done in a secure manner. It also ensures the robust and
accurate solutions of the work within prescribed time frame
[32], [33]-



In this present work, an advanced ANFIS based active
power controller has been implemented on a grid connected
SOFC system in real time to synchronize it with the utility
grid at the earliest as well as to improve the dynamic
performance of the SOFC by keeping its utilization factor
within safe limits.

The work in this paper is organized in sections as,
section-II presents the configuration and modeling of the
system, section-1II discusses the active power controller, its
advancements and real time implementation are discussed in
section-IV and V respectively, in the next section discussion
is elaborated on the results obtained using the proposed
controller in real time and finally in the last section
conclusions are drawn.

IL. SYSTEM CONFIGURATION AND MODELLING

The system under investigation consists of a grid
connected SOFC system as shown in figure 1. This section
elaborates the detailed discussion on each of the components
of the system below:
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Fig. 1 A grid connected SOFC system

A. SOFC and its control

It generates electrical energy from chemical energy
through thermal and electrochemical processes [34]-[36].
The chemical reaction occurs when hydrogen (H,) and
oxygen (0,) in air combines to form water some
electrons are released which travel from anode to
cathode. Thus, these released electrons participate to
generated DC power is given in (1).

(1
where, I;sof. and V,4. are produced SOFC dc

current and voltage respectively. The SOFC voltage is
calculated using Nernst equation given in (2)

Po,dc = o,dclo,sofc

2
RT PH,) P
Vo,dc = Vg + 4F In %gz - rIo,sofc 2)
4 (pH,0)
where, VO = V§ + Kg(T —298)is reaction free

voltage which depends on the standard potential of the
cell (V§) and its operating temperature (T); R is the gas
constant; F is faraday constant and py,,po, & Pu,o are
the effective partial pressures of H,, 0, and H,0 gas; r is
an equivalent resistive loss component of the cell.

The fuel input (f]i_{;) to SOFC are mainly hydrogen
molecules which are acquired through a fuel controller.
This fﬁ,’; is basically a fuel flow rate of H, gas
(kmol/second) in SOFC. Generally, the fuel processing
takes huge amount of time which makes SOFC a slow

acting device for any load change. Thus, the fuel
controller reduces the fuel processing time and stimulate
SOFCs dynamic response [20]. During any load change,
it is important to bound the performance variables of
SOFC to stay within limits to secure the life of SOFC
[21]. Hence the boundaries are formed in terms of mainly
three terms, (1) operating temperature (T) from 1173K to
1273K, (2) produced active power (P, 4c) within 0.1 to 1
per unit and, (3) the rate at which the fuel is utilized in
SOFC in the range 0.7 to 0.9 respectively [22]. The fuel
utilization rate also known as utilisation factor, U shown
in figure 2.
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Fig. 2 Block diagram representing the production of fuel flow rate

Vo,ac

of H, gas (f}f}) in SOFC

In this figure, fuel utilisation factor is obtained using
(3) which is further fed to the fuel controller.

2krlo,so fc
Uf = fin
Hy

3)

where, Kk, is chemical reaction constant.

Inverter and its control

Inverter is used to convert DC to AC in order to
provide sustainability through grid connection. The
output DC power is assumed equal as AC power under
steady state operation as a result the instantaneous power
developed across the inverter is given in (4)

Po, ac 1'S(VO,acho,acd + Vo,acqlo,acq)

€)

where, Vo acdr Voacq are dq-axis voltages andlg ,cq,
lo,acq are dq-axis currents on AC-side of inverter.
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Fig. 3 Block diagram of gate pulse (g) generation for inverter
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The inverter receives gate pulses, g through inverter
controller as shown in the figure 3. This controller
utilizes w,, the angular frequency of the PLL and i} the
output of active power controller (discussed in later
section) to generate the required gate pulses.
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C. Phase locked loop (PLL)
The modelling of PLL is given in (5)
Om = kpVo,'acq + kiVo,acq 4
where,kp,, k; are the proportional and integral
constants respectively. With the help of PLL the angle,

Oy is also calculated which is required for the
transformation from ‘dq0’ to ‘abc’ and vice-versa.

. Grid synchronisation

The grid is working at angular frequency o=2zf
where f'is the rated frequency of the system. The dynamic
equations on AC and DC side of the inverter are given in

(6)
lglo,t'zcd = Voaca — cosé ]4] + wmlglo,acq

lglo,t;cq = Vo,acq + siné ]4] - wmlglo,acd

. 1
Vo,dc = E(Isofc - Io,dc) (6)

where, [, is grid tied inductance, wy,, = 27fy, , § is
the load angle, C is the DC link capacitor and I, 4. is the
DC side current.

When a step load change is applied onto the grid
connected SOFC system, it follows the reference power,
Prer as given in (7)

Jo, =P — D(o, — ®)

(7

15 .
where, Pe = Prer — Poac; J= N lgq (1- kplglo‘acd) ;

1. .
D=- k_s kploacq Voac €080 ; J and D are the equivalent

moment of inertia and damping factor of the grid
connected SOFC system respectively. The equation given
in (7) can be understood in two ways i.e. during steady-
state and during transient period.

During steady-state period, w,, is constant therefore,
the rate of change of w,, w.r.t. time, t is zero as a result
the right hand term in (7) becomes zero. Also, the
equivalent damping factor, D is zero therefore, Py also
becomes zero. In other words, the frequency of PLL, w,,
and grid frequency ® are equal during steady-state
period. On the other hand during transient period, due to
change in load demand power, w,, is not constant.
Hence, the derivative of w,, is also not zero. Now, the
swing equation in (7) is balanced by J. This J has been
developed by PLL and its associated control circuitry
given earlier. It is important to keep this J positive
and (o, — ®) almost zero in order to maintain stable
grid synchronization otherwise active power imbalance
occurs in the system. Uy
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III. ACTIVE POWER CONTROLLER

To maintain grid synchronization and overcome the gap
between demand and supply in a grid connected SOFC
system, an active power controller is applied. It regulates the
change in active power (P¢) to maintain the two important
conditions for successful operation of grid connected SOFC
system as: (1) 0.7 < Uf £ 0.9 and (2) o, — ® = 0. Thus,
this controller helps in generating improved change in active
power (P;") by fulfilling the above two conditions as given in

(®)

P = Prer — Pg,ac (3)
0.7Ppnc ¥V Up < 0.7
where, Py, =409 VUr>09 is the adjusted

Poac V0.7 < U <09

output power of SOFC when operated under constant
temperature. It is obtained using a switching block that
defines the boundary limits of utilization factor as shown in
figure 5. It can be seen that when the fuel utilization factor is
within safe boundaries the exact output active demand power
is referred to the inverter, whereas in other cases reduced
value is referred in order to keep fuel cell within secured life
limits.

Next, it is mandatory to maintain grid synchronism, thus
a balance is created through an integral controller to nullify
P as shown in (9)
Pg = kei ((Dm - ('On) (9)
where, kg; is the integral constant and ®,, is the nominal
frequency of the system.

Iv. ADVANCED ACTIVE POWER CONTROLLER

To address the two issues of grid connected SOFC
system as mentioned in previous section, artificial intelligent
based controller i.e. ANFIS with a switching block has been
adopted. It is an adaptive multi-layer network that combines
the characteristics of fuzzy inference systems (FIS) with
features of artificial neural networks (ANN). It is a toolbox
in MATLAB/ SIMULINK which optimizes the objective as
per the training. Thus, it constructs an adaptive network
based on fuzzy rules and membership functions to improve
the performance of the system. It provides speedy operation
with accuracy and learning ability of membership functions
[37]-[40]. The design and implementation of the ANFIS-
controller involves basic four steps given in figure 5 (b).
Since it is well established controller thus, the discussion is
restricted on its implementation only. The controlled output
generated using ANFIS is depicted with the help of the
controlled surface and rule viewer as shown in figure 6 (a)
and (b) respectively.

e R

(a)

Test
Data

Train
Data

Generate
FIS

Load
Data

(b)
Block diagram of the active power controller used in the system having (a) integral control (b) ANFIS control
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Fig. 6 (a) The control surface of ANFIS, (b) Rule viewer of ANFIS and (c) The experimental set-up of test model in HIL

V. REAL TIME ENVIRONMENT

To validate the performance of an advanced active
power controller based on ANFIS, OPAL-RT’s real time
simulator, OP4510 is utilised. It is composed of Intel
processors and FPGAs [41], [42]. It utilises RT-LAB
software for model preparation and the execution is
performed in two ways i.e. software-in-loop (SIL) and
hardware-in-loop (HIL). The SIL involves basic five steps
i.e. model preparation, compilation, building, loading and
execution whereas HIL involves additional sixth step i.e.
monitoring.

The real time execution produces results instantly as
.mat file in SIL and on the external display device like DSO
in HIL. The results obtained in HIL are transferred via
DB37-connector to DSO by scaling the signals in the range
of -16 to 16 volts as shown in the figure 6 (c). The signals
transmitted from the simulator to DSO correspond to
ldivision = lvolt and one volt correspond to 0.1 p.u. for
active powers (P, and P..f), 15Hz for frequencies (f and f,)
and 0.1 for utilization factor (Uy) respectively. With the help
of the corresponding vaules, the gains are introduced while
transmitting the voltage signals to DSO for safe and
observable operation in laborartory.

VL RESULTS AND DISCUSSION

In this work, the SOFC as shown in figure 1 has power
capacity of 100kW and it is operating at constant
temperature of 1273K with 450 number of series cells in a
stack which have a base voltage of 530 volts (1.18X450).
This SOFC is connected to a grid of 440 volts at 60Hz
supply frequency through an IGBT/Diodes based inverter.
Here, the dynamic response of this system has been
discussed using an advanced controller based on ANFIS.
This controller is implemented on a real time experimental
set-up as shown in figure 6¢ provided by OPAL-RT’s
ARTEMIS simulator.

The system is subjected to three varying step load
demand power changes of 100% increase and 50% both
decrease and increase for analysing the ruggedness of the
developed controller. The total simulation time considered
for the system execution is 100 seconds with both integral
and ANFIS control mechanisms used in active power
controller. The results of all the variables with integral
controller are represented with black lines whereas ANFIS
based results are coloured for each type of the variable as
green, blue, pink, violet and orange representing Pjac, Prer

f, f, and U; respectively. The discussion proceeds with the
results obtained in two environments i.e. SIL and HIL as
shown in figures 7 and 8 respectively.
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(coloured lines) based active power controller in SIL

Fig. 7

The comparative analysis of both the active powers
shown in figure 7a in SIL environment reveals that when
load is changed from 0% to 100% at Ssecond, the system
with proposed controller quickly follows the reference
power in contrast to integral active power controller. Similar
trend is observed during next two 50% load demand power
changes. This showcases the superior performance of the
proposed controller.

Further major observation can be understood from the
zoomed view of figure 7a i.e. figure 7b as:

e During steady-state period i.e. at operating points
‘a’ and ‘c’ the frequency of PLL and grid are equal
i.e. o, = o and P{ = 0 with both the controllers.

e During transient period i.e. at operating point ‘b;’
and ‘b,’ due to step load demand power change,



oy # ® and PF # 0. This instability has been
controlled by both the controllers but the proposed
controller has shows faster tracking mechanism.

Next, the difference between reference power, P.r and
power produced by SOFC system, Py, is being fulfilled by
grid. Analysis of power response in figure 7a also reveals
that due to the improved performance of proposed
controller, the share of grid power has been reduced in
contrast to integral controller.

In figure 7c the frequency graph shows that the system
frequency is unaffected even during severe power change of
100% with both the controllers. It shows the rigidity of the
SOFC based system with the utility grid.

Apart from synchronization, another objective was to
keep the SOFC within its safe limit during transient as well
as during steady-state period i.e. utilization factor has to be
maintained between 0.7 to 0.9.This is important to maintain
the life of the SOFC intact. It can be observed from the SIL
results of Ug that during complete time span it remains
within mentioned safe boundaries. This is achieved with the
help of the switching block incorporated with active power
controller discussed in section 2.
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Fig. 8 Response of SOFC system with Integral (black lines) and

ANFIS (coloured lines) based active power controller in HIL

In HIL environment, the performance of the developed
controller is validated by OPAL-RT’s real time simulator as
shown in figure 8.

VIIL CONCLUSION

In this work, apart from systematically achieving the
main objectives i.e. improved synchronization of grid
connected SOFC system while keeping the utilization factor
of SOFC within safe range of 0.7 to 0.9. This rugged ANFIS
based active power controller is being compared to
conventional integral based controller for a load demand
power change of 100% and 50%. It is concluded that the
transient performance of SOFC has improved from 4-5
seconds (integral control) to 0.2-0.3 seconds (ANFIS
control). Thus, an appreciable reduction of share of active
power from grid has been observed.

Additionally, one step ahead stage has been developed
for the researcher for its ready implementation because the
whole system has been developed in real time environment
considering the real time conditions using HIL with

precision and accuracy. In future this work can be extended
using other advanced controllers based on symbiotic

organisms search optimization, whale optimization
algorithm and grey wolf optimization [43]-[45].
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