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ABSTRACT

This paper describes the dynamics modelling of a practical and cost-effective DC/DC converter, DC/AC
inverter and AC/DC rectifier for an uninterruptible power supply (UPS) system with backup proton
exchange membrane fuel cell (PEMFC) and battery. Furthermore, a dynamics modelling and intelligent
comprehensive controller for the PEMFC is designed according to the change of the load, while the energy
storage elements, such as battery and supercapacitor, are chosen to compensate the slow dynamic
response of PEMFC and to meet the sudden peak load energy demand. The power converters based on
dynamic modelling and controllers designed by feedback control theory can supply high quality power
with flexible conversion functions, leading to the establishment of reliable power management for UPS
applications. Finally, a suitable control strategy and technique, capable of coping with the change of
the load for PEMFC and realising the energy management strategy of hybrid UPS system, is implemented.
The performances of the proposed power converters and PEMFC generating system are evaluated by
experimental results, showing that the developed hybrid UPS system with backup PEMFC and battery
power sources is suitable for industry applications.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Uninterruptible power supply (UPS) technologies can provide
energy solutions to some customers such as computers and com-
munication equipments that are more cost effective, more environ-
mentally friendly, or provide a clean output voltage with low total
harmonic distortion (THD) for both linear and nonlinear loads, high
efficiency, great reliability and fast transient response for sudden
power grid failure and load changes, and avoiding financial loss
and data loss than conventional solutions. Thanks to high electrical
efficiency, flexibility with respect to power and capacity, long
lifetime and no pollutions, the fuel cells, including the proton
exchange membrane fuel cell (PEMFC), are rapidly becoming a sig-
nificant power source in the design and development of UPS [1,2].

The integration of fuel cells with UPS would become a potential
market application for extended run-time UPS. To a long-term
demand and more power capacities of UPS, fuel cells systems
appear as strong contenders to replace batteries, especially in
grid-connected applications where good quality reliable power
supply is required, or interruptions could last long time, e.g. over
8 h [3,4]. However, limited by their inherent characteristics, the
fuel cells have a long start-up time (usually several seconds to
minutes) and poor response to instantaneous power demands.
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Compared with fuel cells, lithium rechargeable batteries have a ra-
pid transient response without any warm up or start-up time, and
their specific power capability is also much higher than that of fuel
cells. Combination of fuel cells with small capacity of batteries or
supercapacitors yields hybrid power sources that make the best
use of the advantages of each individual device and may meet
the requirements for the above mentioned applications regarding
both high power and high energy densities [5,6]. On the other
hand, the UPS system employing a PEMFC as the main power
source keeps adopting the battery or supercapacitor for protecting
the PEMFC, in order to keep the water content balance, avoid
excessive use and the reactants starvation of the PEMFC and feed
power smoothly to the external load.

As the applications of backup power source for UPS, a dynamic
model and efficient control of PEMFC are necessary during the
normal operation of PEMFC system, when the operating condition
varies or an operation with alternating loads. The power response
of the PEMFC generating system depends mainly on the interac-
tion of the PEMFC stack and the peripheral components like
hydrogen and air supply, mass flow, temperature and pressure
control, heat and water management. Hence, the control objec-
tives for a hybrid UPS system are to maintain efficiency and to
avoid degradation by guaranteeing appropriate temperature,
mass flows and partial pressures of the reactants across the elec-
trodes [7,8].

Recently, some of researches have concentrated on modelling
and control of hybrid UPS systems. In [2,9,10] the development
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Fig. 1. Hybrid UPS system with backup PEMFC and battery.

and control strategies for hybrid UPS system has been presented. In
[11] a 1 kVA fuel cell powered, line-interactive UPS system that
employed modular (fuel cell and power converter) blocks has been
developed using two commercially available PEMFC (25-39V,
500 W) modules together with suitable DC/DC and DC/AC power
electronic converter modules and a supercapacitor module that
was also used to compensate for the instantaneous power fluctua-
tions and to overcome the slow dynamics of the fuel processor
(reformers). In [12] an UPS system based on hydrogen technologies
has been designed, manufactured and tested, which consists of a
PEMFC running on hydrogen and oxygen, a gas storage section
and a water electrolysis for hydrogen and oxygen production. In
[13] a technological solution for the association in parallel of two
(or more) PEMFC stacks has been proposed. Different types of
architectures for multi-stack fuel cells were introduced, and a suit-
able power converter interface has been designed.

In this paper, based on the concepts adopting matured technol-
ogy for the components of the hybrid UPS system, the double
charging of the battery through the AC/DC charger or the PEMFC,
and being easy to develop serial products, an industrial hybrid
UPS system with backup PEMFC and battery power sources is
developed in order to supply long-time load with a typical power
(300 W, 220 VAC, 50 Hz). The proposed power converters, such as
AC/DC rectifier, DC/DC converter, and DC/AC inverter, are designed,
modelled, controlled and evaluated through the experimental tests
on a laboratory prototype. In order to improve the performance of
the PEMFC, an intelligent comprehensive controller is also pro-
posed. Fig. 1 illustrates schematically the structure of a single-
phase high-frequency cost-effective hybrid UPS system with a
backup PEMFC and battery power sources.

2. Dynamic modelling of hybrid UPS system

The dynamic modelling of a hybrid UPS system is an impor-
tant issue that needs to be carefully addressed. Because a PEMFC
model allows a better comprehension of the parameters affecting
the performance of single fuel cells and fuel cell systems [14].
Generally, a power electric component consists of the power
converter, PWM modulator, gate driver and feedback controller.
According to the knowledge of control theories, the static and
dynamic performances of power converters are intensely related
to the design of feedback controller. Before designing a control-
ler, therefore, the dynamic models of the power converter and
PWM modulator must be gained. However, a good model should
consider both accuracy and operating frequency of control chips.
In this paper, the power electric components of the hybrid UPS
system comprise AC/DC rectifier, DC/DC converter, and DC/AC in-
verter, while the electrochemical component is PEMFC and the
energy storage component is battery. The mathematical models
describing the dynamic behaviour of each of these components
will be given below.

2.1. PEMFC modelling

2.1.1. Polarisation curve model

The model of PEMFC used in this paper is based on the dynamic
PEMFC stack model developed and validated in [15]. Because of the
activation loss voltage V,¢i0ss, Ohmic loss voltage Voumicross, con-
centration loss voltage Vonc0ss and leakage loss voltage (internal
current) Viearioss, the mathematical polarisation curve model of
the PEMFC stack will be

Vstack = Vreversible - VaCtLOSS - VOhmchOSS - VCOTI[LOSS - VlEakLOSS
RT i+iy .o RT i
= Vreversivle — N In Ronmic(i+1n) +—In |————
reversible CELL{“ ( lo + Ohmw( + n) + nF i (l T ln)
M

where Vieversivle 1S the reversible voltage (V); Nce; the number of cells
in a PEMFC stack; « is the transfer coefficient; n the number of elec-
trons per molecule of H, = 2 electron per molecule; R the universal
gas constant (J/mol K); T the stack temperature (K); F the Faraday’s
constant (C/mol); Ronmic the area-normalised resistance, also known
as area specific resistance (ARS) of the PEMFC measured (€ cm?); io
the exchange current density (A/cm?); i; the limiting current den-
sity at which the cell voltage will fall rapidly (A/cm?); i, the internal
current or parasitic current that is wasted (A/cm?); and i is the PEM-
FC stack current density (A/cm?).

The reversible voltage at varying temperature and pressure can
be expressed as

H,0

1
Viesersivle = Neell x 1.23 + (4.308 x 10°°)T x In {P“;)(Poz)]

— Ncell x (8.453 x 10°*)(T — 298.15) )

where P; is the partial pressure of species i (H,, O,/air, and liquid
water) (kPa), respectively.

According to the conservation of energy, the ideal gas law, the
proportional relationship between the gas outlet flow through a
valve and the partial pressure, and Faraday’s law, Py,, Po, and
Pu,o can be reconstructed in the s domain as

1/k
Py, = +/ er S (Q, — 2k 3)
_ 1/ko, in
POZ -1 + 70,8 (Qo2 - kr’) (4)
1/ky,o0 1/kn,0
PH;O _l + 'L' — (QHzo + Zkrl) = ﬁ&kﬂ) (5)
where
Van
Th, = ke, RT (6)
_ Ven
1% = ko, RT @)
_ Vcn
TH,0 = KeoRT 8)

where 74, and 7o, are the time constant of each gas (s); Qj} , Qg and
Q}_’I'ZO the inlet flow rates of hydrogen, oxygen, and the water of the
cathode (mol/s); ku,,ko, and ku,o each gas valve molar constant
(kPa mol/s); k. the modelling constant (mol/s A); V,, anode volume
(m?3); V., cathode volume (m?).

The inlet pressure of each gas can be calculated as

A 1 ,
Py, = m(RHzpneuQﬁz + Py,) 9)
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B 1

Pg, = T+ Tome (Ro,pneuQo, + Po,) (10)
where P{}z and P& are the inlet manifold or a pipe pressure of
hydrogen and oxygen (kPa); Ri,pneu and Ro,pres the pneumatic resis-
tance of the hydrogen and oxygen manifold (€2); Cu,pneu and Co,pneu
the pneumatic capacitance of the hydrogen and oxygen manifold
(F); Thypnew and To,pnew the pneumatic time constant the hydrogen

and oxygen manifold (s).

2.1.2. Thermal model

According to the Fourier’s law of conduction, when involving
internal heat generation due to electrical resistance, the rate of
heat transferred by conduction in one-dimension through A is ex-
pressed by [16]
T | G -0
dx2 kA
where k is the thermal conductivity (W/m K), A the finite cross-sec-
tional area (m?), and g;,, the rate of heat generation per unit volume

(11)
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In the PEMFC, the internal heat generation results from the elec-
trical and ionic resistance as

Qine = izROhmic (12)

To three-dimensional steady state heat conduction, there is a non-
linear equation:

V(VT) =0 (13)

where V is the differential operator, which is V = £ + 2 + 2.

To solve this equation, two boundary conditions (for each direc-
tion) must be given that describe the behaviour of the temperature
at the system boundaries (constant temperature or prescribed
flux).

In practice, if the entrance pressures of the hydrogen and air are
constant, that is, if their flow rates are constant, which can be con-
trolled, the nonlinear equation of the thermal model for the stack
under the operating temperature can be expressed by

T(t) = g(Uran(t), Tair(£)) = (o)

where U (t) is the blower velocity (rpm = revolutions per minutes)
and Tjy;(t) is the air entrance temperature (K).

(14)
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Fig. 3. Power converters scheme for a hybrid UPS system.
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2.1.3. Dynamic model of PEMFC

As mentioned above, a detailed dynamic model of the PEMFC is
shown in Fig. 2. This model is based on the relationship between
output voltage and the partial pressures of hydrogen, oxygen/air,
water, and temperature and output current of the stack.

2.2. Modelling of power converters

According to the design concepts as mentioned above, the pro-
posed topology of the power converters, or the power conditioners
for the hybrid UPS system, is shown in Fig. 3. According to its func-
tionality, the system can mainly be considered as composed by
three main sections. The first one consists of a DC/DC converter
whose principal task is to boost the rated output voltage 36 VDC
of PEMFC and battery to a regulated voltages +380 VDC. The second
one is an AC/DC rectifier which rectifies the utility input voltage in-
to £380 VDC. The three sections is a DC/AC converter which gener-
ates a 50 Hz, 220 VAC output voltage.

A boost active power factor corrector (PFC) with 160-275 VAC
input voltage and fixed output voltage (+BUS=1380VDC) is
designed based on a high power factor pre-regular UC3854, which
can make the input power factor (PF) of the AC/DC boost PWM rec-
tifier be close to 1, restrict the input current’s THD less than 5%,
adopt the average current control and constant frequency control,
and allow the frequency band of its current amplifier to be wide.

A general and practical DC/DC push-pull converter for the UPS
hybrid system is designed based on a regulating pulse width mod-
ulator UC3525. The PEMFC and battery are two kinds of low-volt-
age and high-current power source, so their output voltage
(36 VDC) should be boosted up to about +380 VDC before the
UPS DC/AC inverter converts them into a 220V, 50 Hz AC source.

In the developed hybrid UPS system, by applying a TMS320F240
DSP, a DC/AC half-bridge inverter has been designed to supply the
load with a pure sine wave, where the half-bridge inverter, LC filter
and load are considered as the plant to be controlled. Through the
sine pulse width model (SPWM) control principle, the DC/AC inver-
ter can convert the £380 VDC into a 220 VAC pure sine wave.

2.2.1. Modelling of AC/DC rectifier

The modelling approaches of the Boost AC/DC rectifier have the
average switch network method, state space average method, and
unifying circuit model method [17]. Although the AC/DC rectifier is
a nonlinear, using the method of disturbance and linearisation, the
small signal ac equations can be obtained. The state space average
method is usually employed in power converters. However, the
average switch network method is more convenient than the state
space average method. The substance of the average switch net-
work method is that the equivalent controlled source is firstly used
to replace switch network; then, the disturbance and linearisation
process is utilised; finally, the small signal ac model circuits can be
obtained. The unifying circuit model method is perfect for basic
DC/DC converter. Through the lookup table, when the parameters
of AC/DC rectifier put into the unifying circuit model, the small sig-
nal ac model circuits can be gained. Fig. 4 shows the unifying cir-
cuit model of AC/DC rectifier.

According to the model, it is easy to deduce the transfer func-
tion from input voltage Vg(s) to output voltage vzys(s) and the
transfer function from duty cycle signal d(s) to output voltage
Vgus(S).

T/Bus(s) D/]

= 15
Ve(s)  LiCys? + b5+ D? {15

/ sL
Usus(S) _ D1 Vs (1 - 171R> (16)
dis)  L,Cis?+%s+Df

sL .~
Vope (1 - ——=)d(s
s (=5 ©)

V, +¥,(s) o o —D’fg‘fq d(s)

Fig. 4. Unifying circuit model of AC/DC rectifier.

where D} = 1 — Dy, Dy is the duty cycle in a stable working point for
AC/DC rectifier; L; the inductance (H); C; the capacitor (F); Vpys is
output BUS voltage (V); R the equivalent resistance of load (Q).

On the other hand, the PWM modulator is to convert the control
voltage uJ(t) into the pulse sequence of duty cycle d(t),and the
modulator model can be determined by

dis) 1
ve(s) Vwm

where V), is the peak value of sawtooth wave (V).

(17)

2.2.2. Modelling of DC/DC converter

The proposal DC/DC converter is a push-pull converter and
works in the double state of polarity. Because the similar modelling
method like AC/DC Boost rectifier, as mentioned above, can be
used, this paper will ignore it.

When designed, it is important to effectively avoid the iron core
saturation. Its circuit diagram is shown in Fig. 3. Since there are
two switches V;, and V3, which work alternately, the output voltage
Vgus is doubled. Under the condition of the continuous current, the
output voltage is calculated by the formula:

Vs = DaNViy (18)

where N is the transformer turn ratio, D, the conduction duty cycle
for DC/DC converter, D, = 2Ton/Ts, Ts the working cycle (s); Vi, the
input voltage (V), that is the voltages of the PEMFC stack and
battery.

When the load current Iy is not continuous, the output voltage is
as follows:

VZDiNT,

V3US = 4L,1o + VD, NTs (19)

2.2.3. Modelling of DC/AC inverter

In the control model of inverter circuits, the pulses obtained by
comparing reference sine wave Vj, sin (wt) with triangular wave,
which peak value is V), are used to control the power switch com-
ponents. Simply, according to Fig. 3, as the equivalent series resis-
tance r of the filter inductance is ignored, the transfers function
between output voltage V,(s) and the voltage Vi(s) of point a, and
b is determined by

_1
Vo(S) _ ]}—€+C35 _ . 1 ; (20)
Vi(s) W+L3S LC3s2 +3s+1

where L3 and C; are the filter inductance (H) and capacitor (F) for
AC/AC inverter, respectively.

Meanwhile, the transfers function from the modulator input to
the inverter bridge output is

Vi(s) _ Vus

= 21
Vals) Vi =
By combining Eq. (20) and Eq. (21), the transfers function \‘,"’((?) from

the modulator input to the inverter output can be obtained as
follows:
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Vals) _ 1 Vius
Vin(s)  L3C3s2 + %S +1 Vy

(22)

2.3. Battery model

The battery stores energy in the electrochemical form, and is
the most widely used device for energy storage in the variety of
applications such as electric and hybrid electric vehicles and hy-
brid power systems. Because the dynamic modelling of a battery
is extremely difficult and understanding what is going on in batter-
ies requires several years of thorough research effort, in this paper,
a simple battery model is introduced. The battery current I, as
function of the required battery power P, the internal resistance
R; and the open-loop voltage U, is [18]:

Upat = Uo — Rilpa (23)

Pbat = Ubatlbat (24)
U, — +/U? — 4PyR;

T == (25)

3. Controller design of hybrid UPS system
3.1. Intelligent comprehensive controller design of PEMFC

Aiming to conveniently collect the data, setup parameters for
PEMFC, and properly choose the power, voltage and size of the
PEMFC stack according to its cost, an intelligent comprehensive
controller of the PEMFC generating system is designed as shown
in Fig. 5. The data acquisition and control software have been
developed and can be used to control the whole process of the
PEMFC generating system and to measure and monitor the opera-
tional parameters, such as the work temperature, voltage and cur-
rent, pressure, input and output mass flows, humidity of the
hydrogen and air/oxygen, the voltage and current of the battery,
water balance, and so on. The proposal intelligent comprehensive
controller contains a 300 W, 63-cell, self-humidified, air-cooling
and air breathing stack [19], a monitoring system and five control
subsystems: power tracking controller, hydrogen pressure control-
ler, hydrogen mass flow control (HMFC), air supply and thermal
controller, and power switching controller. In Fig. 5, M is a multi-
plier, which is applied to calculate the output power of the PEMFC,
and SCR; and SCR, are the silicon-controlled rectifiers (SCRs),
which are used to switch the power sources between the PEMFC

and battery when the UPS starts up, the load increases sharply,
the current is interrupted, or the utility grid power fails.

3.1.1. Power tracking controller

According to the real-time current and voltage measurements
of PEMFC stack, the power (ranging from 12 to 330 W) can be
firstly calculated. The output power of the fuel cell stack can be cal-
culated by

Pstack = VstackI (26)

where Py is the output power (W), Vi the output voltage (V),
and I the output current of the stack (A).

Based on the load at that time, a power tracking controller is de-
signed to continuously distribute the current or real-time power by
using the setup value of the reference mass flow fof and Q{ff of
hydrogen and air and according to the stoichiometry radios of
PEMFC. The mass flow rates of hydrogen and air for the stack can
be calculated as follows.

3.1.1.1. Hydrogen mass flow rate. At the standard conditions of the

atmospheric pressure and 0 °C, the molar volume is [20]

Vo — RT 8314 x 278.15
™~ P 101,300

Therefore the reference volumetric flow rate of pure hydrogen con-

sumption in standard litres per minute or SL/min is

INceII
2F

where Sy, is the stoichiometry radio of hydrogen, which is selected
within 1.2-1.5.

=0.0224 m*/mol =22.4 L/mol (27)

i =224 x 60 x % S, (28)

3.1.1.2. Air mass flow rate. Because the PEMFC stack selected is an
air-breathing and air-cooling fuel cell, that is, air is passing through
the cathode compartment in excess of oxygen exact stoichiometry,
and the same air is used as a coolant. In the PEMFC generating sys-
tem, air is supplied by three blowers that are used to cool the stack.
The air volumetric mass flow rate in SL/min is [20]

MAirINceH
T
where My, is the air mass (kg) and So, is the required stoichometric
radio, which is selected within 20-30.

According to the dynamic analysis of the PEMFC, if the water
produced in the PEMFC stack, because of electrochemical reaction,
evaporates and leaves the stack as vapour, the heat generated is

Q= (1 254 — Vcell)INcell (30)

o) =224 x 60 x % So, (29)

Stoichi-
ometry
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Fig. 5. Control diagram of a PEMFC powered system for UPS applications.
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where V. is the cell voltage and I is the stack current.
According to the Fourier’s law, the heat transferred to air is

Q =ty AT (31)

where 1y is the air mass flow rate (kg/s), ¢, the heat capacity (J/
kg K), and AT the air temperature difference between the inlet
and outlet of the stack (K).

The air mass flow rate at the stack exit is given by

1- rozin I‘Ncell
rOZin MN2 4F

Mairout = (So, — 1)Mo, + So, (32)

where Mo, is the oxygen mass (kg), My, the nitrogen mass (kg), and

To, the oxygen volume or molar fraction in the stack inlet.
Therefore, the required stoichometric radio is

4F(1.254-V o)
- Mo, + CpAT

Mo, + 1-10,in M

rOZin

33)

So,

N,

where ¢, may be expressed by an empirical relationship as
cp=a+bT+cT? and q, b and c are the empirical coefficients.

3.1.2. Hydrogen pressure controller

An increase in PEMFC operating pressure can result in higher
cell voltage according to the Nernst equation and the increase in
exchange current density due to increased concentration of reac-
tant gases in the PEMFC electrodes. According to the demands of
the PEMFC, this paper adopts the steady pressure equipment to
control the reactant gas pressure. The hydrogen pressure controller
and its mass flows controller form the cascade control. The system
can also control the hydrogen pressure at about 34.5 kPa.

The mode of hydrogen supply designed is a dead-end mode, but
hydrogen has to be periodically purged considering the accumula-
tion of inert gas and water. When hydrogen is purged, the pressure
will be changed. In order to protect the stack, a simple method is
used: when hydrogen is purged, the power switching controller
as mentioned Section 3.1.5 can control the power source of UPS
to switch from PEMFC to battery.

In the PEMFC system, the relationship between the pressure
(the controlled variable) and the gas flow (the controlling variable)
is one-order inertia link and purely delayed segment arrayed in
series, so the digital proportion integral differential (PID) control
is the optimum method. Furthermore, since the control parameters
Kp, T;, and Tp are independent to each another, the parameters can
be adjusted conveniently.

The PID control is used in the pressure controller, so the hydro-
gen output controlling variable is

TS T
Qi, = Kpew, (KT) + - Zj:e(JT) + = lew, (KT) —ew, (KT =T)]  (34)

where ey, (kT) :P]r_ff(kT) —PE’Z(I<T) and T is the sampling period
(ms).

3.1.3. Fuzzy controller of hydrogen mass flows

The fuzzy-PI controller input variable are the mass flow error
e(k), and the change of error c(k) of hydrogen. The output variables
of the controller are the optimal P and I gains of a subsequent PI
controller device, one of them gives the proportional part K as a
function of e(k) and c(k), and the other gives the increment AT,
which is then integrated to provide the integral term T of the PI
controller. There are the seven fuzzy subsets: positive big (PB), po-
sitive medium (PM), positive small (PS), zero (ZE), negative small
(NS), negative medium (NM), and negative big (NB), have been se-
lected for the input and output variables e(k), c(k), K and T. The fuz-
zy control rules are obtained from the behaviour analysis of the

PEMFC system. Because the rule-base represents the intelligence
of the controller, the formulations must be carefully considered.
Correct use of control laws according to the operating conditions
can greatly improve the system stability. A fast response with a
small overshoot for the PEMFC system can be achieved with proper
handling of the proportional and integral parts. It is shown that the
fuzzy-PI controller is more advantageous than a standard PI con-
troller [21].
The selected control rules are described as follows:

(1) Far from the mass flow set point: When the output voltage is
far from the set point (e(k) is PB or NB), the corrective action
must be strong; this means that K should be NB (or PB)
while T should be zero (ZE), in order to prevent the
continuous increase (or decrease) of integral term that
would cause overshoots. In this case, the change of error
plays little part.

The basic control rules are:

If e(k) is PB, then K is PB and T is ZE;
If e(k) is NB, then K is NB and T is ZE.

(2) Close to the mass flow set point: In this region, the change of
error must be properly taken into account in order to ensure
stability and speed of response. The goal of the fuzzy con-
troller is to achieve a satisfactory dynamic performance with
small sensitivity to parameter variations.

The control rules are:

If both e(k) and c(k) are ZE, then K and T are ZE;
If both e(k) and c(k) is negative, K and T are negative;
If both e(k) and c(k) is positive, K and T are positive.

3.1.4. Air supply and thermal controller

The PEMFC belongs to the low temperature stack (<100 °C) in
the fuel cell family, but its operating temperature is still higher
than the ambient temperature and should be maintained within
an appropriate range. The operating temperature is selected
according to the characteristics of the PEMFC provided by the man-
ufacture. In this work, the best operating temperature of the PEM-
FC is at 50-60°C (the maximum stack temperature is 65 °C)
according to the operating temperature demands.

As mentioned above, the thermal model is nonlinear. In order to
obtain good control results, in practice, when the stack tempera-
ture is less than 50 °C, the thermal controller implements the basic
velocity adding digital PI control strategy. On the other hand, be-
cause three blowers are used to feed air and cool the stack to-
gether, the controller must adjust the three blowers’ speed and
meet the air mass flows demand of the PEMFC. When the stack
temperature is more than 50°C, a frequency-changing control
strategy is employed as the air cooling control.

The air supplying and cooling control rules are: (rpm = revolu-
tions per minutes).

If Tsack is less than 50 °C, then
QY, = 1500 + Kp(Trer — T(t)) + T [(Tyep — T(£))dt (rpm);
If Tseacr is between 50 °C and 60 °C, then Q[‘)z =(3000-3800)+frequency-
changing control (rpm);
If Pyiacr is over 330 W or Ty is over 65 °C, then the PEMFC is
shut down.
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3.1.5. Power switching controller

The complex electrode phenomenon exists in the PEMFC and is
called the charge double layer. This acts as a capacitance and gives
the PEMFC stack a smooth dynamic voltage output. When the load
of the PEMFC stack changes, the voltage output has an initial Oh-
mic voltage loss from the resistance of the fuel cell stack, as men-
tioned above, and then it slowly moves to a new value. When the
load is suddenly increased, the fuel cell may not be able to at once
provide sufficient hydrogen and air to sustain the operation under
the new load condition. This can lead to temporary hydrogen and
air starvation, thereby causing irreversible damage to the PEMFC
stack. To avoid the hydrogen and air starvation, in this paper, a
power switching controller is designed, which can control the
power source of UPS to switch between PEMFC and battery accord-
ing to the change rate of the power of the PEMFC stack. Transient
issues associated with temporary hydrogen and air starvation can
be avoided by supplying the power from the battery and slowing
down the current drawn from the PEMFC through a change rate
limiter of the power output.

On the other hand, in order to monitor the water balance, the
open-voltage and current-voltage performance of PEMFC stack,
and diagnose the operating processes taking place in the PEMFC,
the measurement of the polarisation curve and the current inter-
ruption control can be used to determine if there is any problem
with the PEMFC. The polarisation curve can be obtained by mea-
suring the current and voltage of the stack on-line. The polarisation
curve provides useful and sufficient information about the
performance of the PEMFC. A quick measurement of the stack
resistance may provide more information about the PEMFC perfor-
mance. Both flooding and drying of a cell would result in a loss of
voltage, that is, the stack resistance value will be changed. There-
fore, the water balance can be reflected by the stack resistance.

One of the methods to measure the resistance in the PEMFC
stack is the current interruption method. In this method, the cur-
rent is interrupted for a very short period, which is determined
by the current value of the stack, and resulting voltage gain is ob-
served and calculated. The difference between the stack voltage
before and after the current interruption, divided by the current,
is the stack resistance Ropmic, Which is expressed by the following
equation. When the current is interrupted, the power switch con-
troller can control the power source of UPS to switch from PEMFC
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To realise the operation as mentioned above, the intelligent control
rules are as follows. As shown in Fig. 3, uy, = 1 means that the SCR,
turns on; u,, = 0 means that the SCR; turns off; u,, = 0 means that
SCR; turns off; uy, = 1 means that the SCR; turns on.

If the change of load % < 50%, then uy, = 1 and uy, = 0;

If the change of load % > 50%, then uy, =0 and uy, = 1;

If the battery voltage Vpqrery is less 30 V and the utility input
voltage is less than 160V, then uy, =1 and uy,, = 1 (PEMFC
charges battery);

If the current interrupt is executed, then u,, =0 and y, = 1;

If the hydrogen is purged, then u;, = 0 and u, = 1;

If the PEMFC is failure, then u;, = 0 and u, = 1.

3.2. Control of power converters in hybrid UPS system

Using the concept of feedback control, the power converters can
be built into the close-loop system, to improve the output accuracy
and dynamic performances. In order to make power converters
meet the demands of stable and dynamic performance specifica-
tions, the compensation network, or, the voltage or current con-
troller must be designed very well. The controllers design has
many methods, such as using the time-domain method or fre-
quency-domain method of the classical control theory, the pole
placement method, and adaptive control of modern control theory,
the fuzzy control and neural network control of intelligent control
technologies, and so on.

In this paper, in the opinion of adopting the matured technol-
ogy, the Bode diagram approach of the frequency-domain method
is utilised to design the controllers of power converters in hybrid
UPS system.

3.2.1. Control of AC/DC rectifier

As shown in Fig. 6, there are two controllers in the AC/DC recti-
fier: one is the current controller G,(s), another is the voltage con-
troller Gy(s).

According to computing and designing of the Bode diagram
Method, their transfer functions are given by

Ky 2.238

to battery. Gy(s) = = 36
y V) =13 Ts ~ T+ 000225 (36)
AVy

Rotmic = == (35)
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Fig. 6. Schematic principle diagram of boost AC/DC rectifier.
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Fig. 7. Schematic principle diagram of DC/DC and DC/AC power converters.
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Gi(s) =K, (1 +T_,s> —20x (1 +m> (37)

3.2.2. Control of DC/DC converter

As shown in Fig. 7, G, (s) shows the voltage controller of DC/DC
converter. According to computing and designing of the Bode dia-
gram Method, its voltage controller of DC/DC converter is deter-
mined by

oo K 15
VT4 T,s 1+ 0.0015s

(38)

3.2.3. Control of DC/AC inverter

As shown in Fig. 7, Gy (s) shows the voltage controller of DC/AC
inverter. Because the control method used in this paper is the volt-
age transient control, according to computing and designing of the
Bode diagram Method, its voltage controller is a lead-lag compen-
sation controller, which transfers function can be written as
follows:

Gl(s) = Ky(1+718)(1 4 128)
S(1 + 735)(1 + 145)
~100(1 + 0.00169s)(1 + 0.000108s)
Cs(1+7.9x10°%)(1+4.7 x 10°%)

(39)

4. Experimental setup, results and discussion
4.1. Experimental setup

The performances of the proposed control strategies of PEMFC
generating system and hybrid UPS power converters are tested
by building an experimental setup with the following specifica-
tions: the input voltage of the utility grid = 160-275 V AC, the out-
put voltage frequency=50Hz*5%, the PEMFC/battery rated
voltage =36V DC, the output power of the load =286 W. The
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Fig. 9. Stack temperature and blower speed when UPS load (current) changes.

experimental load is a DELL™ computer, whose model is HP-
U2106F3, and the maximum input power is 213 W, and a monitor,
whose model is E772p with power of 73 W. Moreover, a lamp box
is used as the supplementary load. Agilent Technologies DSO6034A
Oscilloscope, TEKTRONIX AM503 Current Probe Amplifier and
P5120 High Voltage Differential probe are employed as measure-
ment equipments.

Because the PEMFC stack is a self-humidified, air-breathing and
air-cooling together, some parameters are confidential to the man-
ufacturer of the stack such as the anode volume, cathode volume
and so on, we have to do some experiments, and no simulations.
The basic experimental conditions of PEMFC are: hydrogen input
flow of 5.18 x 10~® mol/s, number of cells of 63, Faraday’s constant
of 96,485 C/mol, universal gas constant of 8.314]J/mol K, k, the

PEMFC Voltage(V)
50.0-

40.0 -

30.0-

N
]
<

[}
o
=
=8
=
=y

10.0 -

0.0
-5.0-
15:25:54.45
07/25/2007

15:25:59.¢
07/25/20
Time

Fig. 8. Current and voltage of PEMFC when UPS load changes.
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Fig. 10. Power supply switching from PEMFC to battery when the load of UPS changes sharply (over 250%) or hydrogen is purged.
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Fig. 11. Output voltage (ch1, ch2) of AC/DC rectifier and DC/DC converter when the
utility input failures (ch3) and PEMFC supplying power source.

modelling constant of 1.63 x 104, fuel cell absolute temperature
of 333 K, fuel cell internal resistance of 6.29 Q.

In the hybrid UPS system, the parameters of AC/DC rectifier are
the operating frequency is 20kHz; L;=2mH; C;=440pF;
Veus=380V; R=1.84 Q; and V), =3 V. When the current is under
the condition of the continuous, the parameters of DC/DC
converter are the operating frequency is 50 kHz;
Vin=36V; N=32/3; Ts=20 ps; and L, = 0.65 mH. The parameters
of DC/AC inverter are the operating frequency is 20 kHz;
L3 =5mH; C3=2.2 UF; Vpys=380V; R=33.66 Q; and V;; =3 V.

In the hybrid UPS system, a set of three 12 V, 7.2Ah PANASONIC
batteries with high discharge current have been chosen for this
application, which type and specifications are LC-R127R2CH,
12 V/7.2Ah/20HR, respectively. On the other hand, one may use

15 series-connected supercapacitors with the main specifications
as 1000 F (+x20%), control voltage of 2.5V, and maximum current
of 150 A.

4.2. Experimental results and discussion

Experimental study has been conducted on the designed UPS
with backup PEMFC and battery. The proposed intelligent compre-
hensive control strategies have been implemented in the PEMFC
generating system. Based on the intelligent comprehensive control,
the output voltage and current of the PEMFC stack can be easily
controlled according to the load change of the UPS, as shown in
Fig. 8.

With the increase of the load, the temperature of PEMFC stack
will go up. Because of the adjustment of thermal controller, the
temperature of the stack will keep in the range of 50-60 °C, as
shown in Fig. 9. In general, higher operating temperature is desir-
able due to decreased mass transport limitation and increased
electrochemical reaction rate; at the same time, high temperatures
may lead to increased mass transport losses due to the increases in
water vapour. Therefore, in this experiment, the stack temperature
is controlled within 50-60 °C, in order to keep the water balance
and reduce the effect of the internal resistance or Ohmic losses.

The experimental results reveal that when the external load has
a sudden change, however, the hydrogen cannot be fed fast enough
to the PEMFC stack. When the load of the UPS suddenly changes,
for example, from 60 W to 210 W, the output voltage of the PEMFC
stack goes down quickly and makes the UPS shut down, resulting
in hydrogen and air starvation that may damage the PEMFC stack.
To supply enough power to the external load and protect the PEM-
FC stack, the UPS system keeps adopting the lead-acid battery for
protecting the PEMFC from excessive use of the PEMFC and to feed
power smoothly to the external load. As shown in Fig. 10, the PEM-
FC stack can supply the UPS for a long time in the normal condi-
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Fig. 13. Output voltage (ch1) and current (ch2) of UPS supplying power with
PEMFC.

tions, and when the load of the UPS sharply changes, the power
switch controller can switch from PEMFC to battery. After a period
of time, when the PEMFC runs stably, the power source of the UPS
can be switched back from battery to PEMFC. In Fig. 10, when the
hydrogen is purged, the power switch controller can switch from
PEMEFC to battery.

The change of output voltage of AC/DC rectifier and DC/DC con-
verter, and the regulation of the BUS DC voltage are reported, as
shown in Fig. 11, when the utility input failures and PEMFC sup-
plies UPS. Fig. 12 plots the experimental waveform of the input
voltage and current of UPS when utility grid is normal, which
shows that the AC/DC rectifier is of the function of the power factor
regulation. The output voltage and current of the DC/AC inverter
can be observed in Fig. 13 when UPS is supplied power source by
PEMEC.

5. Conclusion

This paper presents the dynamic models and controllers of a hy-
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brid UPS system with backup PEMFC and battery power sources, in
which cost effective and practical DC/DC converter, DC/AC inverter,
AC/DC rectifier and PEMFC generating system are designed to feed
a typical computer load. The proposed intelligent comprehensive
controller of PEMFC includes a power tacking controller, a hydro-
gen pressure controller, a hydrogen mass flows controller, an air
supply and thermal controller, and a power switching controller.
The designed topologies of power converters for hybrid UPS sys-
tem allow us to process the energy produced by the PEMFC inde-
pendently and in parallel to that of batteries. An experimental
evaluation has been carried out, and the performances have been
tested. The experimental results show that the designed control-
lers of power converters and PEMFC are practical for industry
applications.
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