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ABSTRACT: Fuel Cell (FC) offers various benefits such as fuel flexibility, high efficiency, green power modularity and 

cogeneration options. However, FC fails in providing fast response and also faces load following problems. Since, an integration 

of FC with complementary device such as a Super-capacitor (SC) or battery can offer an alternate power generation option. This 

manuscript provides a Coordinated Power Control Strategy (CPCS) for a hybrid power generation which consists of a FC, an 

Electrolyzer (ELYZ), a SC and a battery that support local grid or grid integrated load. According to the proposed strategy, the 

FC is utilized the primary energy source. The SC is used as a complement and/or backup device to balance the slow dynamic 

response of FC during transient. The battery is utilized as a high energy density and/or backup device to stabilize the DC-bus 

voltage while the ELYZ used as a dump load during surplus power. The CPCS works in two layers. The first layer managed the 

overall power management system. Depending upon load demand, this layer generates references to the second layer. The second 

layer controls the individual subsystems i.e., FC, ELYZ, SC and battery according to the references coming from the first layer. 

The dynamic performance of the proposed system is checked under real-world record load conditions at Peshawar, Pakistan. The 

effectiveness of the proposed model in term of voltage regulation, power transfer, load tracking and grid stability is verified by 

Matlab simulation results.  

Keywords: Fuel cell, Hybrid storage system, Coordinated Control Strategy, Stability and power quality analysis. 

 

INTRODUCTION 

 Nowadays, pollutants in the atmosphere are progressing in 

parallel with the increasing demand of energy.  The continuous 

increasing demand for fossil fuels such as natural gas, crude oil 

and coal is motivating society towards the development of 

Renewable Energy Sources (RES) power generation. Many 

RES, such as solar photovoltaic systems, hydro power systems, 

hydrogen FC power systems and wind power systems are 

polluted free and abundantly available [1-5]. Among all, FC 

technology for grid enhancement has exposed its significant 

potential and consider an indispensable energy source for the 

future power system [6]. The FC is a static energy source that 

generates electricity from hydrogen through electrolysis. The 

superior reliability, with practically zero noise level or no 

moving parts is an extra advantage of FC system as compared 

to the diesel generator. 

 There are several types of FCs which are classified on the 

basis of their operating temperature ranges and type of 

electrolyte. In this study, Solid Oxide Fuel Cell (SOFC) is 

selected, because, it works at high temperatures (800 – 1000 

°C) [7]. This makes SOFC the highest efficiency FC among 

others [6], [8], [9]. Some special characteristics, like internal 

reforming or larger fuel flexibility, very fast kinetics reaction 

without platinum catalysts and tolerance to impurities make the 

performance of SOFC better among all FCs [10]–[12].  Other 

advantages of SOFC are the distributed configurations, 

cogeneration options and reusability of heat in bottoming cycle. 

Despite high efficiency and flexibility, there are some 

weaknesses in SOFC. One common drawback in all FCs is their 

slow dynamic load tracking capabilities [13]. When a SOFC is 

subjected to a large power fluctuations, it experiences an instant 

drop off of the voltage in the I-V curve and take several 

seconds to deliver the required power. In the meantime, 

hydrogen starvation can occur which results the detrimental of 

cell life and efficiency [14]. The problem of slow dynamic 

response of SOFC can be addressed through a high energy 

density device such as SC or battery. Therefore, it is essential to 

operate SOFC under steady state condition. Without SC or 

battery, the SOFC power system must meet all the power 

demand, which consequently increases the size and cost of the 

SOFC power plant. 

 Various FC based hybrid generation systems are discussed 

in the literature. For example, in [15]–[19], the authors 

explained the control of various hybrid systems including FC, 

SC and battery. In [15], [16], the authors designed a FC power 

generation with SC storage for electric vehicle applications. In 

both studies the authors explained the combine benefit of FC 

and UC.  The modeling and power control for hybrid power 

topology including FC/SC is simulated in [17]. In [18], the 

author designed a FC/ battery hybrid system through adaptive 

control scheme. The advantages of the FC generation as a green 

technology is appear in [19]. Control and simple energy 

management scheme for a photovoltaic/SC/battery hybrid 

system is developed in [20]. In [21], the importance of FC 

storage system in photovoltaic/SC hybrid power plant is 

discussed. Energy management of wind with hydrogen and 

battery storage system is developed in [22].  In all these studies, 

majority of the authors work on polymer electrolyte membrane 

fuel cell while some authors support their research work on the 

basis of virtual weather pattern. In all these studies, majority of 

the authors work on polymer electrolyte membrane fuel cell. 

This paper offers a coordinated power control approach 

combining SOFC, ELYZ, SC, battery and a set of residential  
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Figure 1: Configuration of proposed hybrid power system 

loads for grid on and grid off applications. The proposed test 

bed works on CPCS. The CPCS managed the overall power 

management system for the proposed system and control all the 

individual subsystem on the basis of dynamic references. The 

CPCS ensures premium quality and reliability of power for the 

24 Hrs simulation. 

This paper is structured as follows. First, an overall system 
configuration is provided in Section 2. Section 3 explains the 
modeling of system components. Section 4 presents the control 
of individual components. Section 5 hosts the CPCS. 
Simulation results and conclusions are described in Section 6 
and 7.  

SYSTEM CONFIGURATION 

It is possible to accomplish much higher generating 

capacity factors by an integrating FC stack and with a hybrid 

storage configuration to overcome the fluctuations in plant 

output. An efficient energy storage scheme is required to get 

continuous and constant power, and the electrical power 

delivered by the FC stack has to be converted into SC or 

battery energy. Figure 1 explains the configuration of proposed 

hybrid system which consists of a 50 kW SOFC stack as prior 

energy source. A 58 F SC and 50 Ah battery hybrid storage 

system are in the proposed architecture to use as a high energy 

density and/or backup energy source. A pressurized 50 kW 

alkaline electrolyze is used as dump as a load during surplus 

power to generate hydrogen which is stored in hydrogen tank 

for later use in the SOFC stack. 

The four subsystems i.e., FC, ELYZ, SC and battery are 

controlled through four separate control units. All the 

subsystems are combined in parallel to a common DC bus 

through their individual non-isolated DC converters. The 

output of DC bus is then integrated to the grid or grid 

connected load through an inverter. All the energy sources and 

their controllers are designed in Matlab/Simulink. The 

complete hybrid system is simulated for 24 Hrs including 

different operating and load conditions under CPCS 

supervision. The simulation results conclude the operating 

principle and effectiveness of this proposed system. It is 

essential to point out that the architecture of proposed system 

is modular and thus easily expandable as long as a new FC, SC 

or battery are added to the existing ones with no need to 

increase the circuit and control complexity. Furthermore, it is 

also possible to upgrade the existing system by adding another 

parallel inverter. Thus, the proposed system is beneficial for 

distributed energy generation. 

SYSTEM MODELING FORMULATION 

This section explains the dynamic modeling of the individual 

components involved in the proposed system. 

SOFC Modeling 

The model used in this study is based on the dynamic SOFC 
model explained in [23], [24]. During modeling, diffusion 
phenomena of hydrogen and oxygen gases, constant stable 
operating temperature and the double layer charging effect are 
considered. The chemical reactions occur at respective 
electrodes is written as 
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The dynamics of the reactant’s partial pressure associated in the 
system can be expressed as 
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where Vjs refer to the number of volumes of electrode side, 
pj represents the partial pressure of jth species (j= H2 , H2O, 
O2), R and F stand for gas constant and Faraday constant, 
respectively. rj is the mass flow rate of jth species, IFC is FC 
current.  

Depending on the chemical reaction occur at cathode and 
anode, the voltage developed in a cell (Vcell) can be expressed in 
(2) according to Nernst equation. 

 ,cell cell losses cellV E V    (2) 

with 

 

2 2

2

, ( 298) ln
2

,

H OFC
cell o cell B FC

H O

FC cell cell FC FC FC

p pRT
E E k T

F p

V N V P V I

  
     

  

 

 (3) 

where Ecell is the Nernst’s voltage, Eo,cell stands for Gibbs 
potential, Ncell is the number of cells in the FC stack, TFC is the 
operating temperature, PFC is power delivered from FC, and kB 
is Boltzmann constant. Remember that Ecell in (3) expressed 
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reactants’ partial pressure dynamics and value of pressures in 
(1) are derived under open circuit voltage condition. The 
individual potential drop term in (2) can be written in (4). 
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where Vc,cell is concentration potential, Va,cell is cell-
activation potential, Vo,cell is ohmic potential drop. λo, x, y, and 
Ro are parameters of FC and IFC is the current of FC and Il is the 
limiting current. To provide the require voltage and power 
level, a FC stack is modeled according to the parameters given 
in the Appendix. 
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Figure 2: Equivalent electrical model of fuel cell 

Figure 2 shows the electrical model of FC explaining the 
three regions i.e., activation loss occurs due to the starting of 
chemical reaction inside in FC, voltage drop due to flow 
resistance of ions in the electrolyte is the middle of the curve is 
an ohmic loss (approximately linear), and voltage drop due to 
the mass transfer inside the porous media is concentration loss. 

Electrolyzer Modeling 

ELYZ is a static electrochemical device, which consume 
water and heat to generate hydrogen and oxygen, and 
technically classified as the opposite of FC system. The 
modeling of ELYZ involves different dynamics: the hydraulic 
dynamic, electrochemical dynamic, thermal dynamic and 
electrical dynamic. The thermal modeling is omitted in this 
paper and constant temperature approach is adopted considering 
the large time constant of the thermal model. Here, the 
potassium hydroxide (KOH) i.e., alkaline ELYZ model is taken 
and as proposed in [5], [25]–[27]. The chemical reactions occur 
in the ELYZ is written as 
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In (5), Faraday’s explains molar hydrogen production rate as a 
function of applied current. 
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where NE and TE represents the number of cells in a FC 
stack and temperature of the ELYZ, respectively. The Faraday 

efficiency, β in term of current density (JE) and temperature is 
written in (6). 
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The electrical dynamic of the ELYZ is established upon the 
empirical parameters whose values are taken from the 
experiments. The V–I characteristics of the ELYZ can be 
written in (7) and (8) by nonlinear and empirical relationship as 
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where vo is the thermodynamic potential of FC, vcell is the 
voltage drop across ELYZ. Note that vo is the function pressure 
and temperature.  ris are the parameters of ohmic resistance, 
and v1 and kis represent the parameters for the ELYZ over 
voltage. The values of all parameters are given in the Appendix. 
During designing rated FC stack, it is assumed that both no-
load voltages of ELYZ and SOFC are equal. Broadly speaking 
by doing NcellEcell = NEvo, there would be continuous static phase 
for FC/ELYZ unit. Thus, smooth transition happens between 
two modes i.e., FC mode and ELYZ mode.  

The hydraulic part of an ELYZ contains the dynamics of the 
resultant gases. Considering the ideal gas law, the dynamics of 
resultant pressure can be defined as 
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 where 𝑟𝐻2,𝑝 and 𝑟𝐻2,𝑜 are the molar hydrogen production 

rate, and molar hydrogen outflow rate, respectively. �́�𝐸  is the 
cathode volume, and 𝑝𝐻2,𝑒 is the partial pressure of hydrogen 

associated with cathode. Under steady state, 𝑟𝐻2,𝑝=𝑟𝐻2,𝑜 must be 

satisfied to keep constant pressure. 

Compressor and Hydrogen Tank Modeling 

Based on polytrophic model, the compressor power is 

expressed in term of hydrogen molar flow rate using (10) 
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where γc stands for compression efficiency, pt is the 

pressure of hydrogen tank, and ∝ is the polytropic work. 

Furthemore, the pressure of store hydogen depends on the 

difference between input and output flow rates, and express in 

the following differential equation [28], 
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where Tt and Vt are the temperature and the volume of 

hydrogen inside the tank, respectively. 

Super-capacitor Modeling 

This study works on the classical SC model provide in 

Figure 3, which consists of a double-layer capacitance (C), and 

two resistances, viz., an equivalent parallel leakage resistance 

(Rp), and an equivalent charging/discharging series resistance 

(Rs) [29]. 

RP

RS

CVSC

 
Figure 3: Equivalent electrical model of SC 

The amount of energy consumed/drawn from the SC bank 

(ESC) depends on the capacitance of SC and the potential 

develop across its terminals, given by 

  2 21

2
SC initial finalE C V V    (12) 

When the SC is subjected to release energy, the magnitude 

of terminal voltage across SC is decreased and vice versa. To 

provide the required voltage level, multiple numbers of SC 

modules are joined in series and/or parallel configuration. All 

the parameters of the SC are given in Appendix 

Battery Modeling 

The battery model consists of two RC circuits as proposed 

in [30], [31] and shown in Figure 4. The two voltages (ea, eb) 

across two capacitances (Ca, Cb) and the state of charge (TB) 

are three state variables of the battery. The open circuit voltage 

(Voc) and the value of resistance can be defined in (13). 
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The battery SOC (TB) is an indication of the energy reserve and 

is written as 
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IB is the battery current and determined using (15) 
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where r and r1 represent the internal and polarization 

resistance of battery. Qmax and P represents the maximum 

battery charge (Ah) and output power (W) of the battery, 

respectively.  
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Figure 4: Equivalent electrical model of battery 

CONTROL OF SYSTEM COMPONENTS 

This section describes the control and power electronics 

interfacing of individual components system. 

Control System of SOFC 

The output voltage or power of SOFC depends upon load 

demand, and the increase in load demand decreases its voltage 

or power. Therefore, a DC-DC boost converter is applied at the 

SOFC system to maintain the DC bus output voltage constant 

i.e., 700V. The boost controller is controlled though a 

conventional Proportional Integral Differentiator (PID) 

controllers. The PIDs work on the error, which is the 

difference between the measured voltage and actual voltage of 

SOFC. Based on the error, the PID adjusts the duty cycle 

according to the requirement. The control system for SOFC is 

depicted in Figure 5. 
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Figure 5: Control system of fuel cell 

Control System of Electrolyzer 

The output power of ELYZ is controlled by controlling its 

input current [32], [33]. A buck converter is used to regulate 

the input current of ELYZ which consequently control the 

output power. The buck converter is itself controlled by a 

Proportional Integral (PI) controllers. The control system for 

ELYZ is shown in Figure 6. 
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Figure 6: Control system of ELYZ 

Control System of Super-capacitor/Battery 

The control strategy is developed for both SC and battery 

on the basis of their charging and discharging capabilities. The 

output voltage or power of SC and/or battery is always smaller 

than the DC bus voltage.  A boost converter is used to increase 

the output voltage SC and/or battery to the desire value i.e., 
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700 V. Similarly, a buck converter is used to charge the SC 

and/or battery from DC bus under CPCS. The buck-boost 

converter is itself controlled by PID controller. Due to an inner 

control loops, SC and/or battery must follow (16). The control 

system for SC/battery is shown in Figure 7. 
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Figure 7: Control system of SC/battery 

 
* * */I P V   (16) 

I* is reference current, and P*, V* are the reference power 

and reference voltage, respectively.  

Control System of Grid Connected Inverter 

Figure 8 explains the basis control strategy of the 

proposed three phase inverter connecting the DC bus voltage 

of the hybrid system to the grid and/or grid-connected load. 

The inverter operates on power conversion from the DC bus 

power to the grid and/or grid-connected load, and also 

regulates the grid current at unity power factor. The current 

controlled inverter is controlled to provide sinusoidal current 

after filtering, which is fed to the utility line to distribute the 

required power. It also stabilizes the DC bus voltage. The 

inverter increases the output power when the DC bus voltage is 

increased and vice versa. The proposed control technique uses 

PI controllers and hysteresis current control pulse width 

modulation technique to generate suitable gate signals for 

driving the controllable switches of the inverter. 

The inputs to PI controllers are the errors calculated 

between the measure and actual values of the active and the 

reactive powers. The PI controllers try to diminish the error in 

order to achieve the desired active and the reactive powers. 

Furthermore, it is desirable for the grid current to be controlled 

in phase with the grid voltage and have unity power factor. To 

perform such function, the phase angle of the grid voltage is 

calculated through phase locked loop. The gird current is 

controlled using outer current control loop through PI voltage 

controller while the unity power factor is adjusted using inner 

current control loop through PI current controller as defined in 

(17) and (18). 

    _ _ _L ref pv dc ref dc iv dc ref dcI k V V k V V dt      (17) 

    _L ref pi ref L ii ref LI k I I k I I dt      (18) 

where kpv, kiv, kpi and kii are the gains of the PI voltage and 

PI current controllers, IL-ref is the reference current of grid, Vdc, 

lL, Vdc-ref and Iref  are the DC bus actual voltage , DC bus actual 

current, DC bus reference voltage and DC bus reference 

current, respectively. 
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Figure 8: Control system of grid connected inverter 

COORDINATED POWER CONTROL STRATEGY 

(CPCS) 

The CPCS ensures optimal use and energy management of 

SOFC, SC, battery and even grid. The CPCS generates the 

dynamic references for each subsystem which confirms: 1) 

continuity of power 2) energy management of storage systems 

3) tracking of loads for 24 Hrs and 4) reducing burden on the 

grid. 

5.1. Load Arrangement 

Based on available renewable energy sources, the power 

balance equation for proposed HPS can be written as follows 

 FC L B SC G EP P P P P P       (19) 

where PL, PSC, PB, PG and PE are the load demand, SC output 

power, battery output power, utility grid output power and 

ELYZ power consumption, respectively. The excess power 

generated by FC (PEX) is utilized by battery, SC, utility grid 

and ELYZ as follows 

 ( )EX L FC B SC E GP P P P P P P         (20) 

Whereas, due to maximum power limitation of FC, the 

shortage of power (PS) is supplied by SC, battery and utility 

grid, respectively as follows. 

 S L FC SC B GP P P P P P       (21) 

Based on above power balance equations, a load management 

algorithm is presented in Figure 9 in which following 

conditions are incorporated. 

 The use of power produced by the FC system has priority 

in satisfying load demand over that delivered by the 

SC/battery system or grid. 

 If the power produced by FC system is higher than the 

demand, the excess power is used to charge the SC or 

battery bank. If still excess power is available, then it will 

be sent to the grid. If still excess power is available, then it 

will be used for electrolysis to generate hydrogen for later 

use in FC. 

 Similarly, if the total power generated by the FC system is 

less than the demand, power will be delivered from the 

battery bank. If the load demand exceeds the power 

generated by the FC/Battery combination, the difference is 

supplied by the SC. If still load demand is not satisfying 

then grid’s power will be used to fill the gap. If still 

demand is not satisfied then load shedding is executed. 

 



4494 ISSN 1013-5316;CODEN: SINTE 8 Sci.Int.(Lahore),28(5),4489-4499, 2016 

September-October 

¥ = Goto 1 PD=PFC-PL

Start

PD > 0
No

TB > 20% TB > 90%

Yes

P*
B = PD

P*
SC = PDPD-PB < 0

Yes

P*
SC = PD

No

Yes

PD-PSC< 0

P*
G=PD-PSC

Yes

No

¥

No

¥

Yes

P*
B = PD

No

PD-PSC> 0

P*
G=PD-PSC

Yes

No

¥

¥

PD-PB> 0

P*
SC = PD-PB

Yes

No

¥

PD-PB

-PSC > 0

P*
E = PD-PB

-PSC-PG

Yes

No

¥

¥

F
rom

 

1

TSC > 20%

Yes

PD-PSC

-PB-PG< 0

Execute 

Load Shedding

Yes

No

¥

¥

TSC > 20%

P*
SC = PD-PB

Yes

PD-PSC

-PB< 0

P*
G=PD-PB-PSC

PD-PSC

-PG< 0

TSC > 90%

No

TSC > 90%

No

P*
G=PD-PB-PSC

PD-PB

-PSC-PG > 0

Yes

P*
G = PD-PB

Yes

PD-PB

-PG > 0

P*
E=PD-PB-PG

Yes

¥

No

¥

PD-PSC

-PG > 0

P*
E=PD-PSC-PG

Yes

P*
G = PD

Yes

PD-PG > 0

P*
E=PD-PG

Yes

No

¥

¥No

¥

P*
G = PD-PB

No

PD-PB

-PG < 0

Execute 

Load Shedding

Yes

No

¥

¥

Execute 

Load Shedding

Yes

No

¥

¥

P*
G = PD

Yes

PD-PG < 0

Yes

No

¥

¥

Execute 

Load Shedding

No

¥

No

¥

 
Figure 9: Flow chart of load management algorithm 

The CPCS is based on an above load management algorithm. 

For better understanding, the operation of CPCS is organized 

in the modes described in table 1 and discussed as follow. 

Mode 1 to 4 

The primary condition for modes is that the load is less 

than the maximum power rating of FC. Hence the overall 

demand is satisfied by FC itself. Mode 1 and 2 contains the off 

grid condition. In mode 1, due to slow response of FC, the FC 

does not fulfill the sudden changed demand and that deficient 

power is supplied by battery and SC. Whereas in the same 

fashion in mode 2, the sudden change in load demand is 

fulfilled by battery and excess power is system is absorbed by 

SC and ELYZ. Mode 3 and 4 contain NRHG and RHG, 

respectively. In NRHG, the grid supports the FC and fulfil the 

power deficiency, whereas in RHG the grid act as a load and 

draw power from FC. 

Mode 5 to 8 

The primary condition remains the same that the load 

demand is less than the maximum power rating of FC. In mode 

5, grid and SC are disconnected and only the battery assists the 

FC. In mode 6, due to NRHG, the grid along with battery 

supports the FC during rapid change in load. In mode 7, the 

power generated by FC is greater than the load and off-grid 

condition. Hereafter, the excess power is consumed by battery 

and SC. In mode 8, FC and grid (NRHG) produce power more 

than load demand. The excess power is distributed among 

battery and SC as per algorithm. 

Mode 9 to 12 

Alike previous mode the load demand is less than the 

maximum power rating of FC. In mode 9, due to RHG, the 

grid also acts as a load and draw power from FC while the 

excess power generated by FC is used to charge battery and 

SC. Similarly, in mode 10, the grid is disconnected and excess 

power is solely consumed by the battery. In mode 11 and 12, 

the grid is at NRHG and RHG conditions, respectively 

whereas in both the cases the excess power is utilized by 

battery only.  

Mode 13 to 17 

After mode 12, the primary condition is changed that the 

load demand is greater than the maximum power rating of FC. 

Therefore, other energy sources like battery, SC and grid are 

used to fulfil the deficient power. In mode 13, the grid is 

detached and battery/SC achieves the remaining power 

deficiency. Similarly, is mode 14 and 15, the grid is at NRHG 

and RHG conditions. During NRHG condition, the grid 

supports the battery/SC to accomplish the power deficiency, 

whereas in RHG condition, the grid also acts as a load on 

battery/SC. In mode 16 and 17, the grid is disconnected. 

Moreover, the difference between the two modes is only the 

consumption strategy. In mode 16, the shortage of power is 

supplied by battery only while in mode 17, the battery not only 

fulfills the deficiency, but also produce some excess power, 

which is consumed by SC. 

Mode 18 to 22 

In mode 18 and 19, the grid is at NRHG and RHG 

condition, respectively. In both modes, the battery generates 

more power than deficiency and this excess power is 

consumed by SC. The only difference is these modes are of 

grid condition that the grid helps battery in mode 18 and act a 

load in mode 19.  
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Table 1: Operating modes of CPCS 

Mode 
Primary 

condition 

Secondary 

condition 

Tertiary 

condition 

1 

PL<PFC-MAX 

Off grid (OG) 
PD=PB+PSC 

2 PD=PB-PSC 

3 

Non-rush hour 

of grid 

(NRHG) 

PD=PB-PSC+PG 

4 
Rush hour of 

grid (RHG) 
PD=PB-PSC-PG 

5 OG PD=PB 

6 NRHG PD=PB-PG 

7 OG PD=-PB-PSC 

8 NRHG PD=-PB-PSC+PG 

9 RHG PD=-PB-PSC-PG 

10 OG PD=-PB 

11 NRHG PD=-PB+PG 

12 RHG PD=-PB-PG 

13 

PL>PFC-MAX 

OG PD=PB+PSC 

14 NRHG PD=PB+PSC+PG 

15 RHG PD=PB+PSC-PG 

16 
OG 

PD=PB 

17 PD=PB-PSC 

18 NRHG PD=PB-PSC+PG 

19 RHG PD=PB-PSC-PG 

20 
OG 

PD=-PB-PSC 

21 PD=-PB 

22 NRHG PD=-PB+PG 

 

Last three modes i.e., mode 20, 21 and 22, are exceptional 

modes. These modes exist for a very short time. This mode 

exists only when a load is changed suddenly nearly equal to 

the maximum power rating of FC, then the FC output power 

overshoots and PFC become greater than PL (although PL<PFC-

MAX). At this stage the battery and SC consume the excess 

power. In mode 20 and 21, the grid is isolated. In mode 20, 

only the battery consumes the excess power where in mode 21 

the excess power is shared between battery and SC. Similarly, 

in mode 22, due to NRHG condition, the excess power 

generated by FC plus grid power which is totally utilized by 

battery for charging. 

SIMULATION, RESULTS AND DISCUSSION 

For validation of proposed algorithm and performance of 

CPCS, the proposed architecture is tested in Matlab/Simulink. 

Using the simpower system, the simulations are performed for 

different load conditions. The parameters used in modeling of 

FC, battery, SC, ELYZ, grid and inverter are presented in 

Appendix. The proposed system provides power to residential 

load of a small community at Peshawar, Pakistan. The peak 

load and average load are calculated as 2.8 kW and 2.02 kW 

per home, respectively. The peak load starts from 18 Hrs and 

ends at 21 Hrs. The simulation results of all the modes are 

discussed below. 

Figure 10 shows the time versus operating mode generated 

by CPCS. Between 1-8 and 16-18 Hrs, the PL<PFC-MAX, so, the 

operating modes lies between 0-12. Similarly, for remaining 

duration, the operating mode lies above 13. 

 

Figure 10: Time versus operating mode 

Figure 11 shows the simulation results of output and 

reference powers of residential load, grid, FC, battery, SC and 

electrolyzer for t=0-3 Hrs. From Figure 11(a), the solid blue 

line shows the actual residential load before load shedding (P-

WLS) whereas doted black and solid red lines shows the 

reference and actual residential loads after execution of load 

shedding. The phenomenon of load shedding is incorporated 

due to shortage of power from energy sources which is clearly 

revealed from Figure 11. However, at t=2-3 Hrs, the load is 

fully satisfied by FC/SC/battery and no need of load shedding. 

Figure 11(b) shows the reference and actual power supplied by 

the grid. Similarly, from Figures 11(c), (d) and (e) represents 

the reference and actual powers of FC, battery and SC, 

respectively. The ELYZ consumes any excess power generated 

by energy sources to keep system stable as shown in Figure 11 

(f).  Throughout Figure 11, the positive value of power 

represents that the energy source is supplying power and vice 

versa.

 

Figure 11: Simulation results for t=0-3 Hrs (a) PL (b) PG (c) PFC 

(d) PB (e) PSC (f) PE 

Figure 12 represents the simulation results of different 

energy sources for a duration of 3-6 Hrs. It is clearly revealed 

from Figure 12(a) that for a short period of time load shedding 

is needed. All the load demand is satisfied with the 

collaboration of FC/SC/battery as shown in Figure 12(c), (d) 

and (e). After 5 Hrs, grid also supports FC to overcome the 

load demand and any excess present inside the system is 

consumed by ELYZ as illustrated in Figure 12 (b) and (f). In 

this interval, the CPCS varies from 1 to 11 operating modes. 
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Figure 12: Simulation results for t=3-6 Hrs (a) PL (b) PG (c) PFC 

 (d) PB (e) PSC (f) PE 

From 6-9 Hrs interval, both of the primary conditions 

exist. The rated power of FC is 50 kW, while the maximum 

power provided by FC is 55 kW. From Figure 13 (a), the load 

demand varies from 43 kW to 53 kW. Above 50 kW, i.e., after 

8 Hrs, the second primary condition is started. FC provides its 

maximum power to satisfy the load demand and the remaining 

load demand is satisfied by battery as shown in Figures 13 (c) 

and (d). From Figure 13 (e), due to slow response of FC at 

rapidly changing load at 8 Hrs, the SC attempts to fulfil the 

power gap by using its power density property. On the other 

side, the utility grid assists FC and ELYZ play its role to keep 

the system stable as depicted in Figures 13 (b) and (f).  Due to 

existence of both primary conditions, the CPCS also shifts 

between 8 to 21 operating modes. 

 

Figure 13: Simulation results for t=6-9 Hrs (a) PL (b) PG (c) PFC (d) PB 

(e) PSC (f) PE 

For a duration of 9-12 Hrs, the residential load demand is 

greater than the rated power of FC and FC delivers its 

maximum power of 50 kW as shown in Figures 14 (a) and (c). 

Hence, the battery, grid and SC endeavors to satisfy the 

remaining load demand, but from Figures 14 (b), (d) and (e), 

they are unable to meet their reference power. Therefore, a 

load shedding is executed as shown in Figure 14 (a). In this 

interval, due to shortage of power there is no excess power in 

the system and ELYZ power consumption is zero as presented 

in Figure 14 (f). 

For a period of 12-15 Hrs, the residential load demand is 

again greater than the rated power of FC as shown in Figure 

15(c). Therefore, CPCS generates the remaining power 

references to grid, battery and SC to overcome the power 

shortage. From Figure 15, the battery, SC and grid almost 

accomplish the power gap except 13-13.2 Hrs in which it is 

necessary to execute load shedding. Since, battery also 

produces some excess power at 14 Hrs which is successfully 

utilized by ELYZ as shown in Figure 15 (f). As PL>PFC-MAX, 

the CPCS fluctuates in between 13 to 19 operating mode as 

shown in Figure 10. 

 

Figure 14: Simulation results for t=9-12 Hrs (a) PL (b) PG (c) PFC 

 (d) PB (e) PSC (f) PE 

 

Figure 15: Simulation results for t=12-15 Hrs (a) PL (b) PG (c) PFC 

 (d) PB (e) PSC (f) PE 

From Figure 16, the load demands vary from 53 kW to 43 

kW. In this interval both the primary conditions exist. 

Accordingly, the FC delivers its maximum power and deficient 

power is satisfied by battery, SC and grid as shown in Figure 

16. In this case, all the energy sources efficiently fulfil the load 

demand. So, there is no need of load curtailment. Some excess 

power is generated in system during load changes, which is 

properly disposed-off by electrolyzer system as shown in 

Figure 16 (f). 
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Figure 16: Simulation results for t=15-18 Hrs (a) PL (b) PG (c) PFC 

 (d) PB (e) PSC (f) PE 

Between 18-24 Hrs, PL>PFC-MAX as shown in Figures 17(a) 

and 18(a). Due to rush hour of grid, it also act as a load. 

Hence, FC supplies its maximum power of 50 kW and the 

shortage of about 0-20 kW of power is supplied by battery and 

SC as shown in Figures 17 and 18. Due to nonfulfillment of 

load demand at certain points (especially when the load is 

changing), the load curtailment is executed. 

 
Figure 17: Simulation results for t=18-21 Hrs (a) PL (b) PG (c) PFC 

 (d) PB (e) PSC (f) PE 

 
Figure 18: Simulation results for t=21-24 Hrs (a) PL (b) PG (c) PFC    

(d) PB (e) PSC (f) PE 

Figure 19 shows the overall load shedding executed by 

CPCS for entire 24 Hrs. Usually, it is executed when 

residential load demand changes (at every hour). Due to 

efficient load management algorithm, CPCS kept the load 

curtailment below 2 kW. On the other side, the SOCs of 

battery and SC are shown in Figure 20. Battery is discharging 

most of the time while SC is both charging and discharging 

depending upon the power available. 

 
Figure 19: Load shedding executed vs time 

 

Figure 20: State of charge (a) Battery (b) SC 

 

Figure 21: Power quality parameters 

Since, all the electrical equipment are highly sensitive, so, 

the power quality is a serious concern. Power quality is 

particularly addressed in proposed CPCS, which is clearly 

shown in Figure 21. Load voltage frequency, RMS load 

voltage and THD for load voltage and current are all in their 
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acceptable limits [34], which ensures that the system provides 

quality power. 

The system is said to be a stable one when all the power 

inside it is zero. If a system contains real power, then it alters 

the line-to-line voltage of the load while if a system contains 

reactive power, it alters the frequency of load voltage. From 

Figure 22, it is clearly revealed that the net power on both DC 

and AC busses are zero and the system is called as stable. 

 

Figure 22: System stability parameters (a) Net power on DC bus           

(b) Net real power on AC bus (c) Net reactive power on AC bus 

CONCLUSION 

An optimal control strategy for a hybrid power system with 

different energy storage system for a grid on and grid off 

applications is presented. The drawback of a single power 

source i.e., FC is addressed by proposing a hybrid energy 

storage system. A complete simulation model of FC/ELYZ/ 

SC/battery has been prepared which facilities the grid and/or 

grid connected load under the supervision of CPCS. The 

proposed system shows excellent dynamic performance in 

term of power sharing, grid stability, power quality and 

reliability which has been verified by the simulations 

performed in Matlab/Simulink. 

APPENDIX 

a) Electrical Network 

VDC = 700 V,VL-L,rms = 440 V, f = 50 Hz, PG,rated = 10 MVA 

b) SOFC 

Prated = 50 kW, TFC =1173K, Ncell = 325, Stack = 4 kW 

Array size = 13, Td = 5s, F = 96484.6 C/mol 

c) Battery (CINCOFM/BB12100T) 

Capacity: 200 Ah, Voltage/string: 12 V, Np = 3, NS =34,          

Vrated =12 × 34 ≈ 400 V 

d) SC (Maxwell Technologies BMOD0058) 

C=58 F, Vmax =16.2 V, ESR = 22 mΩ, Imax= 20 A, Ileakage = 1 

mA, NP = 20, NS = 6. 

e) Electrolyzer (QualeanQL-85000) 

PE,rated = 50 kW, vo =1.038 V, AE = 0.25 m2, c =2, NE=350,            

k1 = −1.002 A−1 m2, k2 = 8.424 A−1 m2 °C, k3= 247.3 A−1m2 °C2, 

v1 = 0.185 V, r1 = 8.05×10−5 Ωm2, r2  = -2.5×10−7 Ωm2 
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