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ABSTRACT. This paper presents a PID neural network (PIDNN) controller designed for
a direct methanol fuel cell (DMFC)/Battery hybrid generation system. To maximize the
power produced by the DMFC stack in stable operation, high loading with batteries is
employed for balancing power flow. Keeping the power produced by the DMFC stack at
high efficiency with low loading prevents the problem of methanol crossover. In con-
sideration of the characteristics of DMFC stack during actual operation, we use a bidi-
rectional DC/DC' converter connecting the battery to the DC bus to manage the power
distribution between the fuel cell and the battery. PIDNN control allows for adequate
pulse-width modulation (PWM) control of the bidirectional DC/DC converter with fast
response, increases the transient performance of the DMFC fuel cell system and satisfies
the requirement of energy management. The active control is designed to achieve the
abovementioned multiple objectives. To verify the reliability and stability of the proposed
control, an experiment was performed; the results show that the proposed control can ef-
ficiently achieve the multiple objectives.
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1. Introduction. Fuel cells have been widely studied and are considered to constitute a
promising future alternative power source due to the increasingly critical energy crisis as
well as environmental concerns. Fuel cells have shown promising potential for many pos-
sible applications such as in portable electronics, hybrid electric vehicles, remote telecom-
munication facilities and remote ground support stations for light vehicles, [1-3]. Early
developers mainly focused on hydrogen-feed polymer-electrolyte fuel cells (PEMFC) but
recently, direct methanol fuel cells (DMFCs) have attracted more and more attention due
to their advantages. Since the liquid methanol solution is a feed without the need for any
reformer, the system design can readily be made available for consumers. Moreover, in a
comparison with PEMFC, the use of a liquid methanol solution can avoid the problems of
complex humidification and thermal management in the system design [4-6]. As a result,
many research institutes and universities are targeting their efforts at the integration
of DMFC into small electrical appliances. However, there are some problems, such as
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methanol crossover, low catalyst activation and less durability, which continue to restrict
the commercialization of the DMFC system.

Although the DMFC has the potential to be developed into a portable power source,
the main drawbacks, which include the long start-up time and poor response to transient
power demand, limit the practical applications. In order to improve on these drawbacks,
a hybrid power configuration consisting of a DMFC stack and batteries is proposed.
The method provides the required power to each device during the actual operation.
However, this passive hybrid has a number of disadvantages. First, it is necessary to
match the normal voltage of the DMFC stack to that of the battery by eliminating much
of the flexibility in the system design. Furthermore, because the power depends on the
characteristics of each component being passively distributed between the fuel cell and
the battery, the maximum output current of the hybrid system might be reduced by the
activity of the fuel cell. Therefore, an actively controlled DMFC /battery hybrid method
was published in [7-9]. This design can be scaled to larger or smaller power capacities
for a variety of industry applications. Moreover, in seeking to satisfy adequately high
peak power demand to the load, a hybrid fuel power supply with rapid dynamic response
was investigated. The proposed hybrid power supply features include both high peak-
power capacity and fast response to the load power change [10]. Also, the DMFC stack
in parallel or series, with the batteries as the hybrid power sources, was investigated in
actual operation. The stack ideally should be operated at the point of high efficiency.
However, those abovementioned hybrid forms have no active control to keep the stack
reacting at the best operating point. Therefore, the voltage of the DMFC stack needs
to vary according to the power demands. The DMFC stack demanded for long-term
operation may run in the diffusion region as the load power is very high. Furthermore, at
a low load operation, the DMFC stack will run with less efficiency, causing the problem
of more methanol crossover with a constant methanol flow [11-15]. Then, the hybrid
system control methodology of the two power sources must be determined. Numerous
studies discuss the system architecture and control design of the fuel cell and battery (or
ultracapacitor) hybrid system. However, few papers focus on the DMFC hybrid system.
[16-20] analyzed the performance of a hybrid DMFC and battery hybrid system, but
its hybrid control was passive and simple, without considering the DMFC and battery
protection, and with no active load sharing. Therefore, there is a great demand for a
novel design of DMFC hybrid EMS with simple but effective hybrid control and complete
DMFC and battery protection. The target system must be able to avoid any accidental
damage to the DMFC, provide fast dynamic load and exhibit improved performance.

This paper is organized as follows. In Section 2, a general description of the architecture
and the principle of a DMFC system and hybrid power setup is presented as well as a
designed bidirectional Converter for the system. In Section 3, the control strategies of
the DMFC stack are discussed and conducted in addition to a control theory offered
for the PIDNN design concept. In Section 4, the experiment results are discussed and
a comparison made of the proposed controls. Finally, some conclusions are offered in
Section 5.

2. DMFC for Hybrid System.

2.1. DMFC system. In this work, the Johnson Matthey Nafion 115 membrane electrode
assembly (MEA) is employed for the DMFC stack configuration. The active area of MEA
is 50 cm? in which the Pt-Ru loading is 2 mg/cm? and Pt loadings is 2.5 mg/cm?. The 12-
cell DMFC stack is built from the above MEAs, designed and fabricated with conventional
bipolar plates and parallel serpentine flow fields [21,22] carbon cloth, gaskets and machined
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graphite bipolar plates. The MEA is sandwiched between carbon papers and then installed
into a bipolar plate stack with two current collectors positioned at each end of the stack.
Teflon gaskets are placed between bipolar plates to prevent liquid and gas leakage to
the exterior and/or cross leakage between the fluids in the stack. Serpentine type flow
fields are used for fuel distribution on the anode and cathode sides. Finally, the current
collectors are made from stainless steel or titanium alloy. The gasket thickness of both
the anode and cathode sides is 0.2 mm. The power performance of this stack with a 3.0
wt.% methanol concentration at 60° is shown in Figure 1. The maximum power output
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Ficure 1. DMFC stack polarization curve

2.2. Analysis and design of hybrid setup. A hybrid fuel cell/battery power device
consists of a DMFC stack, a number of rechargeable batteries and a DC/DC converter
controlled by a programmable device. There are many existing hybrid configurations
in the literature [27-30]. Generally there are two types of hybrid setups: Passive and
Active hybridization. Passive hybridization means that two energy sources are directly
connected to the load (or through a diode or MOSFET) without any active and dynamic
power conditioning. The active hybridization is more advanced compared to passive
hybridization since either fuel cell, battery or both outputs are controlled to adjust the load
sharing between two sources. Figure 2 is a simple proposed passive hybrid architecture
[23]. The diode can prevent the fuel cell from reverse charging. However, this hybrid
configuration is not within our consideration since the fuel cell cannot tolerate reverse
charging current.

The maximum fuel cell current is determined by I-V curves of fuel cell and battery.
When the load current is larger than the maximum fuel cell current, the fuel cell voltage
will drop below the battery voltage so that diode D2 will be turned on. The fuel cell will
continue to output maximum current and the battery will provide the remaining current.
The diodes work as a “logic” source; otherwise, the energy source with higher voltage will
be selected for load supply. As depicted in Figure 1, the classical power conservative law
(without losses) of the DMFC/Battery hybrid power source is as follows:

Pload(t) - PDMFC Stack (t) + PBattery (t) (1)

where Pj,q4 is the load power, Pparpc siack is DEMC stack output power and Ppatrery 18
battery supply power.
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FIGURE 2. Simplest passive hybrid architecture

The advantages of this hybrid configuration are its simplicity, cost effectiveness, lack
of complicated control and the entire load sharing being accomplished passively. The
problem with this architecture is the varied maximum fuel cell current. With the dis-
charge of the battery, the battery voltage will vary and thus the maximum current that
the fuel cell can provide may change as well, precluding battery protection; battery over-
charging/discharging and overcurrent protection cannot be implemented with this hybrid
configuration. A separate charging circuit is needed for battery charging since the battery
current can only be unidirectional. The fuel cell is not a stand-alone component and is in-
stead connected to another power generation device, such as a battery; a thorough control
of the power supply becomes necessary. For this purpose, we insert a DC/DC converter in
a battery series in our design so that the battery output voltage will be controlled (Figure
3).

——
DMFC STACK
DMFC Power

Stack

D1

- Load

D2

_H_

Battery = DC/DC - BOP

FicUurE 3. Half active hybrid with BOP and load

Hence the fuel cell maximum output power can be fixed or limit, as shown in Figure 4.
The merit of this architecture is controllable maximum fuel cell current. Also since the
battery output voltage is regulated, its output can be used as the auxiliary power supply
for some BOP components, such as circulating pump or air blower fan. But again, since
battery charging is not available, battery charging must be implemented using a separate
battery charging circuit.

We then designed a bidirectional converter (c.f. the 2 quadrant chopper), so that the
battery discharging/charging can be controlled dynamically. In this hybrid configuration,
the battery current can work in both directions, and be adjusted by controlling the duty
cycle of the bidirectional DC/DC converter. One diode is needed between the fuel cell
and load to block the reverse current, and the fuel cell current is limited by dynamic
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FIGURE 4. Fuel cell and battery [-V curves with battery voltage regulated

control of battery current. A Buck-Boost Converter, or 2-quadrant chopper, is widely
used for this application, as shown in Figure 5. Many references can be found for this
hybrid architecture and most of them are designed for DMFC/battery or hybrid system.

|Eckgost_MOE |

| L |

| * —~ |J”“ I

—pt YV —< | Batte

DMEFC T ry
Stack +| * —ﬁl_ | TLLILY |

L — — _— 1

Load

FIGURE 5. Bidirectional converter for active hybrid

The advantages of this configuration are: management of battery discharging and charg-
ing, and the battery current is directly controlled by the bidirectional converter so that
the battery over discharge/charge and overcurrent protection can be implemented. The
fuel cell current can be limited. Although the fuel cell current is not controlled directly,
it can be limited by adjusting the battery current. Also, the diode can prevent reverse
current flow; no separate battery charging circuit is needed. The battery current now
can be controlled to flow into the battery and no additional battery charging circuit is
required.

2.3. Experimental setup. In the work presented in this paper, the hybrid power supply
system is comprised of a DMFC fuel cell stack, a lithium ion battery, and a bidirectional
converter controlled by a programmable device, which are connected to the same voltage
bus through appropriate converters and controls. The block diagram of the experiment
setup is shown in Figure 6. The specifications of DMFC are including nominal power
capacity 35 W and nominal open-circuit voltage with 11 V. In this configuration, the
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nominal output voltage of hybrid power device is 8 V. Furthermore the variables of con-
figuration are defined as following. The V¢ (t) is the voltage of DMFC stack, Ipc(t) is
the current of DMFC stack, Viauery () is the voltage of battery, Ipatery (t) is the current
of battery, Vio.a(t) is the voltage of load and I74.4(t) is the current of load. The control
code was executed on a general-purpose DAQ control board (Model DIO9401 NI) via
the onboard A/D converters. The control algorithm was first computed in the PIDNN
control and then downloaded to the DAQ control board. The operating condition, such
as the currents and voltages of the fuel cell and the battery are monitored and fed to
controller, which is used to coordinate bidirectional converter. The power conditioning
system (including power converters and controls) controls the voltage of each component,
and allocates the available power to recharge the battery if possible.
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DAQ Control
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FIGURE 6. Block diagram of the experiment setup

3. Control Strategies of Hybrid DMFC System.

3.1. PIDNN control concept. Due to the nonlinear essence and excellent ability of
function approximation, an artificial neural network (ANN) is introduced into the control
field for the controller design [24-26]. However, ANN-based controllers are not used widely
in the control field since neurons in most neural networks only display a static function;
this is not suitable for the control of an actual dynamic system [27]. In view of the good
dynamic performance of PID and the merits of an artificial neural network, SHU Huailin
[28] first proposed P, I, D neurons and designed a PID neural network (PIDNN). Instead
of being a simple hybrid system of the PID and neural network, PIDNN is actually a new
kind of dynamic neural network. Some PIDNN-based controllers were designed to control
linear or nonlinear systems and achieved better control performances [29-31]. The training
algorithm for the above controller design is a conventional BP algorithm; the training
results are greatly influenced by the initial values and learning rate. The ability of global
exploitation is not strong and easy to maintain within the local minimum [32,33]. The
BP algorithm constrains the wide application of the PIDNN controller. PIDNN, which
is present in a new kind of network, and its hidden layer neurons simply work as a PID
controller through their active functions; thus, it simultaneously has the advantages of
both the PID controller and neural structure. In this paper, performance of controller
which online learning, has been studied adaptive PID controllers, and by experimental
study and finally conclusion.
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The PIDNN shown in Figure 7, it has three layers consists of a 2-3-1 structure, which
are input layer, hidden layer and output layer. The input layer has two neurons, the
hidden layer has three and the output layer has only one. The neurons in the net are
proportional (P) neuron, integral (I) neuron and derivative (D) neurons.

OBJECT | y(k)
SYSTEM -

FiGUrRE 7. Back-propagation algorithms in PIDNN control system

In the input layer, the two output values of the P neuron are calculated form:

q u; (k) > q
zi(k) = ¢ ui(k) —q <ui(k) <gq (2)
—q¢" ui(k) < —q

where, © = 1,2, is the input number and k is the sample time. The ¢ is maximum
limitation value of the input layer and ¢ is the actual output value after the input value
exceeds ¢. Then, z;(k) and u;(k) are the respective input and output values of the i
neuron at the k£ sample time. In the hidden layer, the neurons’ inputs are defined as:

GRSl (3)

where, 7 = 1,2,3 and w;; are the connective weight values from input layer. The input-
output functions of the P, I, D neurons in the hidden layer are different from each other
and different output value of the P-neuron is calculated from:

zi(k) = ¢ ui(k) —q<ui(k)<gq (4)

q uy(k) > g
zy(k) = ¢ uh(k —1) +up(k) —q <uy<gq (5)
—q uy(k) < —q
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The output value of the D-neuron is calculated from:

q uy(k) > q
zy(k) = uz(k) —uz(k —1) —q <uy<gq (6)
—q' uz(k) < —q

In the output layer, the input of the only P-neuron is defined as:
3
= w1 (4) (7
7j=1

where h = 1, is the output number and wj;, are the connective values between the hidden
and output layers. The input-output function is defined as flows:

q uy (k) > q

zy (k) = ¢ up(k) —q <uy(k) <q (8)

¢ up(k) <—q
3.2. DMFC indirect voltage-mode controller. Figure 8 shows the voltage-mode con-
trol, the Vpe is DMFC stack output voltage, battery voltage is Vaatery and Vigeq is load
side voltage. In this block diagram, Vpgery is regulated and the Vi is controlled indi-
rectly via the dc bus. The Vg is assumed to be regulated by a PIDNN controller by the
adjustment of the V7,4 and battery state of charge. If higher demand of the load leads to
larger voltage drop, the Vp¢ is regulated by the bidirectional direct-connected switching
interfacing the battery. Therefore, the V7,4 should be in order to feed a voltage source
dc bus. There are two variables that can be used as control inputs, namely load shift (¢)
and duty cycle (D). PIDNN of control schemes can be realized.
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FicUure 8. Block diagram of PIDNN control

In PIDNN multivariable control system, the aim of the PIDNN algorithms is to mini-

mize
n 1 n m
Ipc] =) Ep=— [ra (k) = yn (k)] (9)
where rp, (k) is the inputs and y,(k) is the outputs of the system, h (= 1,2,...,n) is
the serial number and m is the sampling points in every step. The weight of PIDNN is
changed by gradient algorithms in on-line training process. After n training steps, the
weights from hidden layer to output layer are

o.J
wyjn(n + 1) = wgjn(n) — ansjh (10)
where 7 is the training step, h (= 1,2,...,n) output neurons’ serial number, j (= 1,2, 3)

is the hidden neurons’ serial number in every sub-net, s (= 1,2,...,n) is the sub-nets’
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serial number. For hybrid DMFC stack system design, using our proposed control for the
battery can be easier than the traditional power control design.

4. Experimental Results and Discussion. The proposed control scheme is validated
on a hardware prototype experimental setup of the system and experiment environment
as show in Figure 9. Taking the operation of electronic load into consideration, the time
responses of Vic(t), Ipc(t), Ipattery(t); Iroaa(t) and D(t) measured by the DAQ control
board are demonstrated in Figure 10. At a low load operation for 20 minutes, the DMFC
stack has provided a sufficient current to the load. Thus, the battery SOC is rechargeable
and not need to supply any current for the load (see Figure 10(a)). Under such condition,
D(t) is controlled as 80% by the PIDNN rules control shown in Figure 10(e). With
increasing the load, the Ir¢(t) will increase but Irnc(t) decrease. However, as the required
current of the load is higher than 4A, the DMFC stack may run at diffusion region with
limited voltage. Consequently, Figure 10(b) shows that the PIDNN control decrease the
D(t) (see Figure 10(e)) and Ipguery (t) is also increased, then the Vpe(t) is hold at limited
voltage with 8 V.

Moreover, as hybrid DMFC system operates for 30 minutes later, the significant cur-
rent drop of Irc(t) is observed in Figure 10(c). This phenomenon is due to the slower
reaction of DMFC stack which cannot provide a sufficient current at transient state for
high load with 6A requirement. Meanwhile, to balance the output current requirement,
the Ipauery (t) and D(t) are adjusted to increase by using PIDNN control shown in Figures
10(c) and 10(d), respectively. When considering the dynamics load shown in Figure 10(a),
the Vrc(t) is controlled successfully within the suitable region (see Figure 10(b)). Finally,
the result clearly demonstrates that the Ipgyery(t) control scheme can stably adjust the
shown in Figure 10(d) with varying the D(t) (see Figure 10(e)) during the operation of
electronic load.

FIGURE 9. Experimental setup environment

5. Conclusions. In the hybrid power system, the DMFC and battery power are em-
ployed for energy management. In the high load operating mode, the output of the
DMFC system provides auxiliary power to help power the battery on the high load as
needed. In the low-load operation mode, the hybrid method, whereby extra energy can
be stored in the battery, the battery residual energy is also increased due to recharging
in response to high load when required next. However, in practice, in regard to the elec-
tronic products in the operating mode of the switch, the power consumption will change
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with the load, switching from standby to full load output or peak load output mode,
with the power demand from 10 to 100% between changes. However, the actual power
output of DMFC-based backup battery SOC (State Of Charge), to determine the status
of the backup battery power saturation, battery backup power cannot increase the output
efficiency because of excessive compensation, resulting in DMFC cell stack power output
which cannot achieve optimal efficiency. When the backup battery power is at low status,
the energy needed to charge the battery (Recharge) is supplied, while the DMFC cell
stack, in addition to supplying the load (even for a spare battery outside of the energy
pack), so that the output conditions have a huge gain and load requirements due to the
lack of an adequate energy supply, which leads to job insecurity, and even causes failure.
Furthermore, the mixed-power supply mode, such as the management, cannot be active,
making it easy to keep a spare battery in a very short period of time, the repeated charge
and discharge of discrete actions; that caused more than the DMFC of backup battery
life is short, become another a cost of wear and tear. If the reaction time circuit switch-
ing system requirements load slowly (at low load operation after the next detected peak
load response for switching), this will more likely result in improper operation with the
DMEFC causing permanent damage. This paper discusses the control method of the Bidi-
rectional converter for the DMFC/Battery, an active control of hybrid stationary voltage
application. Comparing the experimental results shows that the proposed system not
only improves the dynamic response of the fuel cell system, but can also significantly
compensate for the voltage drop of the fuel cell system due to load changes. The active
control can maximize the power produced by the DMFC stack in stable operation when
the load is high. The active control can keep the power produced when the load is low for
recharging the battery. PIDNN not only has P-neurons but also I-neurons and D-neurons
in its hidden layers. PIDNN is a dynamic multilayer network because of its P, I and D
neurons and is suitable for control multivariable temperature systems. The PIDNN can
handle decoupling and control by a training and self-learning process based on the DMFC
fuel cell system. The PIDNN control model and Bidirectional converter can provide a
good platform to design a suitable power converter control system for fuel cell system
applications.
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