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Hybrid DC power sources which consist of fuel cells, photovoltaic and lithium-ion batteries provide clean,
high efficiency power supply. This hybrid DC power sources can be used in many applications. In this
work, a model-based fault detection methodology for this hybrid DC power sources is presented. Firstly,
the dynamic models of fuel cells, photovoltaic and lithium-ion batteries are built. The state space model
of hybrid DC power sources is obtained by linearizing these dynamic models in operation points. Based
on this state space model the fault detection methodology is proposed. Simulation results show that
model-based fault detection methodology can find the fault on line, improve the generation time and
avoid permanent damage to the equipment.
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1. Introduction

Currently, most of the energy demand in the world is met by
fossil and nuclear power plants. A small part is drawn from renew-
able energy technologies such as wind, solar, fuel cell, biomass and
geothermal energy. Solar energy, fuel cells and wind energy have
experienced a remarkably rapid growth in the past 10 years because
they are pollution-free power sources. Additionally, they generate
power near the load centers, which eliminates the need to run high-
voltage transmission lines through rural and urban landscapes.
Hybrid DC power sources which consist of fuel cells (FC), photo-
voltaic (PV) and lithium-ion batteries provide clean, high efficiency
power supply. This hybrid DC power sources can be used in many
applications such as home power supply, electrical car and satel-
lite power systems. But the structure of hybrid DC power sources
is complex and vulnerable to faults. For examples, fuel cells have
faults in the air-reaction blower, the refrigeration system, hydrogen
pressure and increase of fuel crossover [1,2]. The energy losses of
PV system may be resulted from four different fault categories: sus-
tained zero efficiency faults; brief zero efficiency faults; shading;
and non-zero efficiency non-shading faults [3]. So it is necessary to
study fault detection and diagnosis of this hybrid DC power sources.

Fault detection is a subfield of control engineering which
concerns itself with monitoring a system, identifying when a
fault has occurred and pinpoint the type of fault and its loca-
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tion. A fault is defined as an unexpected change in a system
with component malfunction or variation in operating condi-
tion. Faults in a dynamic system can take many forms, such as
actuator faults, sensor faults and abrupt changes of some param-
eters. The representative fault detection approaches are model
free method, knowledge-based method and model-based method.
The model-based fault detection approaches include parity space-
based approach [4], eigenstructure assignment-based approach [5],
parameter identification-based approach [6] and observer-based
approach. Among these methods, observer-based fault detection is
one of the most effective methods and has obtained much more
attention.

In this paper, a model based fault detection method is proposed
to execute on-line fault diagnosis of hybrid DC power sources. The
structure of this paper is the following: in Section 2, the models of
the hybrid DC power sources were built. In Section 3, the proposed
model-based fault diagnosis methodology was described. In Sec-
tion 4, the hybrid DC power sources system is used to illustrate the
proposed fault diagnosis methodology with the fault scenarios that
can appear. Finally, in Section 5, conclusions are drawn, based on
the results from the numerical analyses in Section 4.

2. Model of hybrid DC power sources
2.1. The structure of hybrid DC power sources
The hybrid DC power system consists of a photovoltaic system,

a PEM fuel cell power source, and a lithium-ion battery, which are
connected to the same DC voltage bus through appropriate DC/DC
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Fig. 1. Structure of hybrid power sources.

power converters and controller. Fig. 1 illustrates the structure of
the proposed hybrid DC power system. There are two main power
sources: PV and FC. When the supplies of FC and PV excess the load
demands the lithium-ion battery is a power source. In the opera-
tion of hybrid DC power sources the PV provides as much power as
possible to the load. In order to operate in maximum power point, a
maximum power point tracker (MPPT) controller must be installed
in PV system. The voltage of DC bus is 288 V and the voltage of PV
system is varied between 10V and 100V, it is necessary to insert a
DC/DC converter between the PV system and DC bus. The FC is to
supply the rest power of load. A DC/DC converter is also installed
between the FC and DC bus. The lithium-ion battery supplies tran-
sient power to peak load demands or absorbs transient power from
the main sources. The currents and voltages of the PV panel, the fuel
cell, and the lithium-ion battery are monitored. The measured volt-
ages and currents are fed into the power management subsystem,
which is used to controls the power flowing from each source of
energy, and allocates the available power to recharge the battery if
possible.

2.2. Model of PEM fuel cell

We build water balance equation by investigating stack voltage
model, water distribution of membrane and water transport pro-
cess in cathode and anode. In this paper direct injection of water
into cathode is used for humidification. The following equations
are stack voltage model, water distribution of membrane and water
balance equation of cathode and anode.

We assume that single fuel cell is symmetrical the stack voltage
can be represented by multiplying the voltage of single fuel cell
with number of fuel cell.

V5t=Tl-VfC (1)

The voltage of single fuel cell Vg is calculated as a function of
current, cathode pressure, reactant partial pressures, stack tem-
perature and membrane humidity. There are a lot of voltage model
in the literature, we adopt the semi-empirical model in this paper
[7]:

Vfc = Eo — Vact — Vohm — Veonc (2)

Ep is the thermodynamic potential of the cell representing its
reversible voltage:

Eo = 1.229 — 0.85 x 10~3(T — 298.15)
+4.3085 x 107°T |In(py,) + 0.5 In(po, )| (3)

where Tis operating temperature, Py, is the hydrogen pressure and
Py, is the oxygen pressure.

Activation voltage loss V. is the voltage drop due to the acti-
vation of the anode and the cathode:

Vact = Vo + Va(1 — e—qi) (4)
where cq is parameter [7,8], V; and Vj can be calculated as follows:

Vo = 0.279 — 8.5 x 10~4(T — 298.15) + 4.308 x 10~°T

Pca — Dsat 1 0.01173(pca — Psat)
x [I“ ( 1.01325 ) +3ln ( 1.01325 )} ()

2
Vo =(-1.618 x 107°T + 1.618 x 10—2)(0.11‘;273 +psat)
Po,

—4
(1.8 x 1074T — 0.166) (0.1173

+ psat)

+(-5.8 x 1074T + 0.5736) (6)

Vonm is the ohmic voltage drop associated with the conduction of
protons through the electrolyte, and of electrons through the inter-
nal electronic resistance and calculated as follows:
. .t
Vohm:l'Rohmzl'ﬂ (7)
Om

where t;, is the thickness of membrane, o, is the membrane con-
ductivity and calculated as follows:

om=by exp (bz (3% - %)) (8)

in which b, constant [9], b; function of water content of membrane
Am.

Veonc is the concentration voltage loss resulted from the drop in
concentration of the reactants as they are consumed in the reaction:

[ i \ &3
vm=l(.2 ) 9)

Imax

where ¢,, c3 and imax are constants [8] and depend on stack tem-
perature and pressure of reactants.

The governing equation for hydrogen and water in the anode
can be written as:

de
dt 2 = WHZ,in - WHz,out - WHz,rec (10)
dm
J\t/‘,an = Ww,an,in - Ww,an,out - Ww,mbr (11)
The hydrogen and water flowing to the anode are calculated by
WHz,in =(1- C()V\/an,in (12)
Ww,an,in = O‘Wan,in (13)

where « is inlet flow humidity ratio in anode.
The outlet hydrogen and vapor mass flow rate are calculated by
the following equations:

1
WH an,out = 7Wan out (14)
250 1 + wan,out ’
Wan,out
Ww,an,out = ———Wan,out (15)
1+ Wan, out

M, mp,Ry,
wan,out = Mi T p

. 16
H, My,anRny, (16)

Inside the cathode there are three elements: oxygen, nitrogen
and water. The balance equation for the mass of these elements can
be written as:

dmo

dt 2 = WOZ,in - Woz,out - WOZ,rec (17)
dmN

dt 2 = WNz,in - WNz,out (18)
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dm
Ta;w = Ww,ca,in — Wy, ca,out + Ww,gen + Ww,mbr + Winj (19)

where W, i, is the mass flow rate of oxygen gas entering the cath-
ode; Wo, oy is the mass flow rate of oxygen gas leaving the cathode;
Wo, rec is the mass flow rate of oxygen reacted; Wy, i, is the mass
flow rate of nitrogen gas entering the cathode; W, oy is the mass
flow rate of nitrogen gas leaving the cathode; W,, c,ip is the mass
flow rate of vapor entering the cathode; Wy, caout is the mass flow
rate of vapor leaving the cathode; Wy, gen is the mass flow rate of
vapor generated in the fuel cell reaction; W), j,; is the mass flow
rate of injected water from humidifier; Wi, mem is the mass flow
rate of water transfer across the membrane.

Inlet mass of oxygen, nitrogen and vapor is related to mass flow
rate and humidity of inlet air:

1

Wouin = Y0 (7 Qoo Weam (20)
1

WNz,in =J’sz (21)

w,, Latm 22)

eI 1+ -Qatm)wca,in

where 244y is the humidity ratio of air, yo, and yy, are oxygen
mole fraction and nitrogen mole fraction of dry air.

MO,

Yo, = Xo, W (23)
My,

N, =(1 _XOZ)Mg"” (24)

Xo, is volume content of oxygen in dry air.

MG™ = x0,Mo, + (1 — X0, )M, (25)

The calculations of Wo, out» WN,,out> Ww,ca,outs Ww,mem can find
in Ref. [8].

The rate of oxygen consumed in the reaction and water gener-
ated in the reaction is calculated by

Mo, (nlst)

WOZ,rct = 2471;5 (26)
My, (nlst)

Wiy ret = —55— (27)
My, o(nlst)

Ww,gen = 2271:St (28)

According to Ref. [8], Wcq,out is outlet gas flow rate and calculated
as follows:

Wea,out = Kea,out(Pca — Patm) (29)

where keqour is an orifice constant, P, is gas pressure of cathode
and include the partial pressure of oxygen Po, , the partial pressure
of nitrogen Py, and the partial pressure of vapor Py cq:

Pcq = Po, + PN, + Py .ca (30)
mozRozT
Py, = ——— 31
0, Ver (31)
mn, RN, T
Py, = —2 2 2
N, Vea (32)
R,T
Pv,ca = mv";# (33)
ca

where Ro,, Ry, and Ry are gas constants of oxygen, nitrogen and
vapor, respectively.

According to the above nonlinear model, there are five state
variables x = [my,, Mw,an, Mo, , MN,, Mw,cq]. The parameters used
in this model are given in Table 1. Most of the parameters are based

Table 1

Model parameters of PEM fuel cell.
Symbol Variable Value
Ry, Hydrogen gas constant 4124.3] (kgK)~!
Ry, Nitrogen gas constant 296.8] (kgK)~!
Ro, Oxygen gas constant 259.8] (kg K)~!
Ry Vapor gas constant 461.5] (kgK)!
My, Hydrogen molar mass 2.016 x 10~3 kg mol~!
Mo, Oxygen molar mass 32 x 1073 kg mol~!
My, Nitrogen molar mass 28 x 10-3 kg mol~!
Rq Air gas constant 286.9] (kgK)!
Patm Atmospheric pressure 101.325kPa
n Number of cells in FC stack 381
Ase Fuel cell active area 280 cm?
Van Anode volume 0.005m3
Vea Cathode volume 0.01m3
F Faraday number 96485
Patm The humidity ratio of air 0.5
Cq Constant 10
b, Constant 350
C3 Constant 2
max Maximum current density 2.2

on the 75 kW stacks used in the FORD P2000 fuel cell prototype
vehicle [8,9]. This stack consists of 381 single fuel cells, the mem-
brane of single fuel cell is Nafion 117. We linearize the FC system at
the nominal operating point with stack current as 200 A and stack
temperature as 338 K, we can get state space equation of fuel cell
system:

X =A1x+Biu

y:C1X+D1U (34)

where X = [my,, Mw,an, Mo, , MN, , Mw,ca] is state variable, u=[Wiy;,
Wep] is control input variable, y = [Vst, Weq,0ut] is output variable.

2.3. Model of PV system

The current-voltage relationship at a fixed cell temperature and
solar radiation is expressed as follows:

VIR

I= 1y = lo[eVHRYa — 1) - 2
sh

(35)
where [} is photo current, I, is the diode reverse saturation current,
Rs is the series resistance, Ry, is the shunt resistance, and a is the
modified ideality factor.

The parameters in Eq. (35) corresponding to operation at
standard rating condition (SRC) are designed: dyef, I refs Iorer- TO
determine the values of these parameters [10], the three known
I-V pairs at SRC are substituted into Eq. (35).

For short circuit current: =1, V=0

Isc.ref = I ref — lo,ref | €hscrerRs/re — 1] — % (36)
For open circuit voltage: =0, V=V f.
0 = I ref — Lo, rer | €¥ocre /s —1] — V‘I’gi;"f (37)
At the maximum power point: I=1Isyp rer, V=VYsmp ref-
Lnp.ref = L ref — lo,rer | €0Vmp.ref Thmp.resRs)/ ey 1 |
 Vinp,ref + Imp,refRs (38)

Rsp

Then the modified ideality factor a is a linear function of cell
temperature:

a= TCaref

(39
Tc, ref )
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Table 2 Table 3

PV system’s model parameters. Model parameters of lithium-ion battery.
Symbol Variable Value Symbol Variable Value
Rs Series resistance 0.969 R4 Resistance 40 x 1073
Ry Shunt resistance 199 Q Ry Resistance 110x 103
Sref Total absorbed irradiance at SRC 1000 Wm—2 C Capacitance 4F
Lscref Short circuit current at SRC 437A [ Specific heat 925] (kg K)~!
Vocref Open circuit voltage at SRC 4293V m Battery mass 0.041kg
Teref Cell temperature at SRC 298K A Battery external surface area 43 x 1073 m?
k Boltzmann’s constant 1.3805e—23]J K1 Ta Ambient temperature 23°C
q Electron charge 1.6e 1°C

where T s is the cell temperature for reference condition and T is
the cell temperature.
The diode reverse saturation current I, is calculated as follow:

3

Tc 1 Eq
Iy = exp |+ | = 40
’ (chfef) b [k ( T Tc)] o
where k is Boltzmann’s constant and Eg is the material band gap.

Eg can be calculated as follows:

Eg=Egr,, |1-0.0002677(T — Tyef) | (41)

Eg
T

Tref

where EgsTref = 1.121eV for silicon cells and EgsTref = 1.6eV for the
triple junction amorphous cell.
Photo current I is calculated as follow:

= o x Uy + tse(Te ~ Teep) (42)
ref

where S is total absorbed irradiance (Wm~2), a;s is temperature

coefficient for short circuit current (AK~1). Sref is total absorbed

irradiance at SRC (Wm~2).

PV system’s model parameters in this paper are listed in Table 2.
The V-I curve of PV’s single cell is shown in Fig. 2. The curve
can be divided into three zones: current zone, maximal power
zone and voltage zone. When 0 <V}, < V; the V-I curve is under
current zone, the state space equation is Ipy = Isc + o1 Vpy. When
V1 < Vpy < V; the V-I curve is under maximal power zone, the state
space equation is Ipy = o1 Vpy — 02 Vimp + Imp.When V, < Vpy < Ve
the V-I curve is under voltage zone, the state space equation is
Ipy = a3Vpy — a3Voc. The parameter o, oy, o3, Vy, V; can be calcu-
lated from Eqgs. (34) to (42).

State space equation can be obtained by linearizing the PV sys-
tem:

X =Ayx + Byu

y= Cox +Dou (43)

where state variable is Iy, control variable is V;,y and output variable
is Iy.

Current (A4)
w

N
T

0 ) L 1 L I
0 5 10 15 20 25

Voltage (V)

Fig. 2. V-I curve of PV’s single cell.

2.4. Model of lithium-ion battery

The equilibrium potential of the lithium-ion battery depends
on the temperature and the amount of active material available
in the electrodes, which can be specified in terms of state of dis-
charge (SOD). The discharge capacity of the battery depends on the
discharge rate and the temperature.

The expression for the potential, the terminal voltage and the
SOD [11] can be given by

Ein(0), Ty(t), t] = vlip(€). To(0), ] = Rincip(t) (44)
VIip(6), To(0), €] = > i - SODMin(0), To(0), ]+ AE(T;) (45)
k=0
t
SOD[in(t), Ty(t), t] = % / alip(O)BITH(0)] - in(t)dt (46)
0

According to data from a Sony18650 lithium ion battery, o[ T(t)]
and B[T(t)] can be calculated as follows:

1.05 if iy(t) > 2.8A
C oo ) 1.0141.04/1.4 % (ip(t) — 1.4) if 1.4 <iy(r) <2.8A
elin(O] = 9 4 +0.01/0.7 % (ip(t) - 0.7)  if 0.7 <ip(t) < 1.4A (47)
0.96 if 0<iy(t)<0.3A
1.085 — 0.0015(Ty(t) + 20) if —20°C < T,(t) < —10°C
) 1.075-0.0007(T,(t) + 10) if —10°C < Ty(t) <0°C
BIT(O1= 4 17063 — 0.00286T, (1) if —0°C < Ty(t) <22°C (48)
1-0.001(Ty(t) — 22) if —22°C<Ty(t) <45°C
~0.46 + 0.012(Ty(t) +20) if —20°C < Ty(t) < —10°C
AET(0)] = 4 038 +0:025(Ty(0) +10) if  ~10°C <Ty(t) <0°C (49)

0.13 + 0.0059T,(t)
0.0104(T,(t) — 22)

if 0°C < Ty(t) <22°C
if 22°C < Ty(t) < 45°C

Combining the electrochemical characteristics represented
with the equation for the circuit elements and the circuit constraint
equation yields the following equation that relates the terminal
potential to the terminal current

in(t) = Rl—z « V() — Elip(t). To(£). £] - Ryip(t)]

+C% [Vi(t) — E[ip(t), Ty(t), t] = Ryip(t)] (50)

The temperature change of the battery is governed by the ther-
mal energy balance [12] described by

dT,(t)
m.cp- gt

= ip(t)* Ry + R%[Vb(f) — Elip(t), Ty(t), t] — ip(t)R1 I*

= heA[Ty(t) — Tal (51)

Model parameters of lithium-ion battery in this paper are listed
in Table 3.

State space equation can be divided into 16 sub-models, where
ip, is divided into four zones according to Eq. (47) and T, is also
divided into four zones according to Eq. (48). State space equation
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of lithium-ion battery can be obtained by linearizing the nonlinear
model of lithium-ion battery,

Xx =As3x +Bsu

y=C3x+Dsu (52)

where state variable x is [i,, T, ], control variable u is V}, and output
variable y is ij,.

3. Design of model-based fault diagnosis

The design of a fault detection system requires obviously quick
fault detection and isolation (FDI) for adequate decision making.
Hence, to preserve the safety of operators and the reliability of pro-
cesses, the presence of faults must be taken into account during
the system control design. During the system operation, faults or
failures may affect the sensors, the actuators, or the system com-
ponents. These faults can occur as additive or multiplicative faults
due to a malfunction or equipment aging.

The state space representation of hybrid FC and photovoltaic DC
power sources system is as follows:

X =Ax+Bu

y=Cx+Du (53)

where state variables x are [my, , Mw,an, Mo, , MN, » Mw,ca, Ipv, iy, Tp],
output variables y are [Vs¢, Wea,out, Ipv, ip] and control variable u is
[Wiﬂjv cha pr Vb]-

After the continuous state space model is converted into discrete
state space model, the state space representation of a system that
may be affected by actuator or sensor fault [13]:

Xx(k + 1) = Ax(k) + Bu(k) + Fafa(k)
y(k) = Cx(k) + Fsfs(k)

where Fq and F,, are assumed to be known matrices, f; and f;, are
the magnitude of the actuator and the sensor faults, respectively.

In the presence of sensor and actuator faults, Eq. (54) can also
be represented by the unified general formulation:

x(k + 1) = Ax(k) + Bu(k) + Fxf(k)
y(k) = Cx(k) + Fyf (k)

]T

(54)

(55)

where f = [fI' fI'] is a common representation of sensor’s and
actuator’s faults. The fault vector f in (55) can be split into two
parts. The first part contains the “d” faults to be isolated. In the
second part, the other faults are gathered in a vector.

The fault magnitude estimation of the corrupted element is
extracted directly from the jth unknown input observer which
is built to be insensitive to the jth fault (f'(k)=0). Based on the
unknown input observer, the substitution of the state estimation
in the faulty description [13] leads to

Fafa(k) = R(k +1) — AR(k + 1) — Bu(k) (56)

In the presence of an actuator fault, F; is a matrix of full col-
umn rank. Thus, the estimation of the fault magnitude fy(k) = f;(k)
makes use of the singular-value decomposition (SVD) [14].

R
0
nonsingular matrix and U and V are orthonormal matrices.

Using the SVD and substituting it into (56) and results in

Let Fy=U VT be the SVD of F;. Thus R is a diagonal and

Rk +1) = AR(k) + Ad(k) +

o | VI (57)

where

i -tarr |An(k) Aqa(k)
A=UTAU= [Am(k) Azz(k)}

a 400
380
360 s
g actual output model estimation
%340
w33 / /
- e ————————) T 2 . 2 . o 1 o .
30}
280 1 L 1 L L 1 L L L
0 10 20 30 40 50 60 70 80 20 100
time-(second)
b
0.9
0.8}
=
07}
on N
=) model estimation
= o8l
z O M
= N
S 05
B
0.4
03} o
‘actual output
0.2}
0.1}
% 10 20 30 40 50 60 70 80 20 100

time-(second)

Fig. 3. Comparison of actual output and model estimation when W, is decreased
20%.

o B
B=UlB= [Bz(k)]

Then the estimation of the actuator fault magnitude is defined
as

fa(k) = VR (R (k + 1) — Aq1R1 (k) — AraRa (k) — Bru(k)) (58)

For sensor faults, the output equation is broken down and can
be written as

(k) = Cx(k) + Esfi(k) = [g] (k) + [E; } £(K) (59)

The integral error vector z will be affected by the fault as well.
The integral error vector can be described as follows:

z(k+1) = 2z(k)+ Ts(yr(k) — y1(k)) (60)

= 2(k) + Ts(yr(k) — c1x(k) — Fs1fs(k))
The sensor fault magnitude can be estimated as follows:
E5)_(s(k +1)= As)_(s(k) + BSU(k) + Cs}’r(k) (61)
where
) I, 0 0
Es=|0 I, O
0 0 F

x(k)
Xs(k) = lz(k) ]
fs(k)

As=A
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Fig. 4. Time evolution of the residual when W, is decreased 20%.

In order to generate a set of residual, a full-order observer is
built as follows [15]:
w(k + 1) = Ew(k) + TBu(k) + Ky(k) (62)
X(k) = w(k) + Hy(k)

where % is the estimated state vector and w is the state of full-order
observer. E, T, K and H are matrices to be designed for achieving
unknown input decoupling requirements. The design of E, T, K and
H is achieved by solving the following equations:

(HC—I)F; =0 (63a)
T=1-HC (63b)
E=A—HAC - K;C (63c)
K, = EH (63d)
K=Ky +K (63e)

If the following conditions are fulfilled: (1) Rank(CF,) = Rank(F),
(2)(C,Aq)is adetectable pair, where A; =E + K; C, an unknown input
observer provides an estimation of the state vector, used to gener-
ate a residual vector:

r(k) = y(k) — Cx(k) (64)

30
a
330 <
370 A
50 -
350 -
—~ 3 actual output model estimation |
W ‘/ / -
m -
310 -
300 4
20 L . L L L . .
0 10 20 30 40 50 0 70 80 %0 100
time-(second)
b 1
0.9
08
07
= model estimation
06
2 .
05
\g L
g v
& o4
g
B - actual output
0.2
0.1
% 10 20 30 a0 50 60 70 80 20 100
time-(second)

Fig. 5. Comparison of actual output and model estimation when W, is decreased
10%.

4. Results and discussion

The research results apply to hybrid power sources bus which
includes fuel cell, PV and lithium-ion battery. In this hybrid power
sources bus the maximal power of fuel cell is 75 kW, the maxi-
mal power of PV is 1.5 kW and the capacity of lithium-ion battery
is about 15 Ah. The proposed model-based fault diagnosis method
is implemented in Matlab/Simulink environment. Results of three
of the proposed fault scenarios (f1, f2 and f3) are presented. f1, f2
and f3 are increase in the compressor motor’s friction, humidifier
choking and decrease in total absorbed irradiance of the PV system,
respectively. According to Eq. (64), rq, 13, 13, 4 are the residuals of
[Vst, Wca,out, Ipu» ib]-

As discussed in previous sections, the fault detection is based on
checking the difference (residual) between the signals monitored
by a sensor and its estimation using the detection model at each
sample time. The fault f1 (increase in the compressor motor’s fric-
tion) is introduced into the system at time 50 s creating changes
in its internal dynamics. When the compressor motor’s friction
increase, the mass flow rate of air entering the cathode (W) is
decrease 20%, the actual output and model estimation of Vs¢, Weg our
are shown in Fig. 3(a) and (b). The residuals r3, r4 are almost zero
and the residuals rq, r, are shown in Fig. 4(a) and (b). Threshold
of Vi (dash line in Fig. 4(a)) is about £3V and threshold of Wcq out
(dash line in Fig. 4(b) is about +0.1 kgs~1). Fig. 4(a) and (b) shows
that the residuals rq, r, are larger than their threshold after 50 s. So
the residuals rq, r, are sensitive to f1 and the residuals r3, r4 are not
sensitive to f1. Then we can detect the f1 by calculating the resid-
uals ry and r,. When the compressor motor’s friction increase, the
mass flow rate of air entering the cathode (W) is decrease 10%,
the actual output and model estimation of Vs, Wcg our are shown in
Fig. 5(a) and (b). The residuals r3, r4 are almost zero and the resid-
uals r1, rp are shown in Fig. 6(a) and (b). Fig. 6(a) and (b) shows
that the residuals rq, r, are smaller than their threshold after 50s
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Fig. 8. Time evolution of the residual corresponding to fault f2.

and the fault f1 is not detected. So the result of fault detection is
sensitive to the magnitude of fault.

The fault f2 is the choking of humidifier. The fault f2 is intro-
duced into the system at time 50 s creating changes in its internal
dynamics. When the fault f2 is applied, the actual output and model
estimation of V¢, Weq our are shown in Fig. 7(a) and (b). The residuals
r3, 4 are almost zero and the residuals rq, 15 are shown in Fig. 8(a)
and (b). Fig. 8(a) and (b) shows that the residual r; is larger than
the threshold and r;, is less than the threshold after 50 s. This shows
that fault f3 appear. So the residual r; is sensitive to f2 and the resid-
uals ry, 3, r4 are not sensitive to f2. Then we can detect the f2 by
calculating the residuals 5.

The fault f3 is decrease in total absorbed irradiance of the PV sys-
tem. The fault f3 is introduced into the system at time 50 s creating

18 T T T T T T T T T
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E 10
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Fig.9. Comparison of actual output and model estimation corresponding to fault f3.
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Fig. 10. Time evolution of the residual corresponding to fault f3.

changes in its internal dynamics. When the fault f3 is applied, the
actual output and model estimation of I, are shown in Fig. 9. The
residuals rq, 1, r4 are almost zero and the residual r3 is shown in
Fig. 10. Threshold of I,, (dash line in Fig. 10) is about +1.5 A. Fig. 10
shows that the residual r3 is larger than the threshold after 50s.
This shows that fault f3 appear. So the residual r3 is sensitive to f3
and the residuals rq, ry, r4 are not sensitive to f3. Then we can detect
the f3 by calculating the residuals r3.

From the simulation results we can see that we can detect fault
f1,f2 and f3 by calculating the corresponding residuals rq, r, and r3.
This shows that the proposed model-based fault detection method
can detect faults of hybrid DC power sources on-line.

5. Conclusions

In this paper, a new model-based fault detection methodology
of hybrid DC power sources has been presented and tested. An
advantage of this new methodology is that it can find the fault
on line, improve the generation time and avoid permanent dam-
age to the equipment. To prove this methodology, a hybrid DC
power sources Matlab simulator based on the state space model
is built. The simulator is modified to include a set of possible fault

scenarios proposed in this work. This modified simulator allows
imposing a determined fault scenario, within the considered set
of faults in the hybrid DC power sources and analysis its behavior.
All the simulated faults have been tested with the new fault detec-
tion methodology. The results show that the proposed model-based
fault detection method can detect faults of hybrid DC power sources
effectively.
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