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Predictive Control of Voltage and Current
in a Fuel Cell-Ultracapacitor Hybrid

Wes Greenwell and Ardalan Vahidi, Member, IEEE

Abstract—This paper presents a system integration and con-
trol strategy for managing power transients on a Nexa polymer
electrolyte membrane fuel cell (FC) with the assistance of an
ultracapacitor (UC) module. The two degrees of freedom provided
by the use of two dc/dc converters enable the independent low-level
control of dc bus voltage and the current split between the FC
and UC. The supervisory-level control objectives are to respond to
rapid variations in load while minimizing damaging fluctuations
in FC current and maintaining the UC charge (or voltage) within
allowable bounds. The use of a model predictive control approach
which optimally balances the distribution of power between the
FC and UC while satisfying the constraints is shown to be an
effective method for meeting the supervisory-level objectives. The
results are confirmed in experiments.

Index Terms—Energy management, fuel cell, model predictive
control, ultracapacitor.

I. INTRODUCTION

FUEL CELL (FC)-ULTRACAPACITOR (UC) hybrid
combines the high energy density of hydrogen FC with
the high power density of UC, resulting in a system with
improved performance and reduced size [1], [2]. Due to the
limited response rate of its reactant supply, a proton exchange
membrane FC is limited in following fast transients in power
demand [3], [4]. Supplementing the FC with an energy storage
device, which can provide the needed power during quick
power transients, results in an improved load-following capa-
bility. Moreover, the lifetime of the FC stack is improved by
reducing the large transients that the stack must provide [S]-[7].
In such a hybrid system, the FC can be sized to meet the
expected power demand at steady state [8], [9], and the energy
storage device is sized to buffer the power transients.

In the hybrid setup considered in this paper, the power
transients can be effectively met by a compact UC module.
While power density and efficiency of lithium ion batteries
have improved considerably in recent years [10], their cost
is still too high on a power basis (in dollars per kilowatt),
their performance degrades at low temperature and with aging,
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and deep discharge cycles would negatively influence their life
[11]. The cycle life of lithium ion batteries is now close to
meeting the target expectations, but their calender life is still
short of requirements [11]. Unlike batteries, which store and
release energy through chemical reactions, UCs store energy
electrostatically and have very low internal resistance [12]. This
results in very fast charge/discharge rates with very little power
loss and overall charge/discharge efficiencies of greater than
95% [11]. In [13], it is shown that, for the same performance,
UCs are more cost effective than lithium ion auxiliary storage
in an FC vehicle. Long calender life, as well as cycle life [14],
robust performance at low temperatures, and lower cost on a
power basis [11] make a UC module a better choice than lithium
ion batteries in the hybrid system considered in this paper.

While large current transients on the FC can be filtered by
simply connecting the UC to the FC in parallel [15], such a con-
figuration will not provide the required degrees of freedom for
actively managing the bus voltage and the power split decision.
For more control authority, the addition of one or more power
electronic devices is necessary. Possible configurations are
several [16], each with its own advantages and disadvantages. In
this paper, to achieve full control authority over dc bus voltage
and FC and UC current, the use of two power electronic devices
is proposed. A dc/dc converter in voltage-control mode will
regulate the bus voltage, and another dc/dc converter operated
in current-control mode enables active control of FC and UC
currents. The power split ratio is determined by a supervi-
sory controller which plays critical roles in improved load-
following, the reduction of losses, and increased lifetime. In the
literature, a number of control methods have been proposed for
meeting similar objectives. Many use a rule-based supervisory
controller at the high-level and simple filters [17], [18] or
proportional—integral-derivative (PID) loops [19], [20] at low
level. Sciarretta et al. [21] have demonstrated the effectiveness
of an equivalent consumption minimization strategy, which
determines optimal control actions based on a cost function
quantifying the instantaneous cost of electrical and fuel energy.
For FC-UC hybrids, energy management based on fuzzy logic
[2] and neural networks [22] has also been proposed. Optimal
control methods, such as unconstrained optimal control [7],
dynamic programming [23], [24], and model predictive control
(MPC) [25], have been proposed in the past.

In this paper, we investigate two control methods: 1) a rule-
based method and 2) an MPC approach for the power man-
agement of a UC-FC hybrid. The control objectives are as
follows: 1) to minimize the current transients seen by the FC;
2) to follow the demand power as closely as possible; and 3) to
prevent overcharge or overdischarge of the UCs. We describe
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Fig. 1. FC/UC hybrid system schematic.

the system architecture, the power electronic devices used, their
specification, and their interface to the supervisory-level control
system. These details are core to a successful implementation
but often not clearly described in the existing literature on the
integration of FC and UCs. In [26], the advantages of MPC for
the power management of an FC and UC hybrid are discussed,
but only simulation results are presented. More recently, several
publications have highlighted the advantages and implementa-
tion of MPC for electric machines. Specifically, MPC has been
proposed for the control of ac machines [27], [28], motor torque
control [29], [30], switch mode power supplies [31], and power
converters [32]—-[35]. To the best of our knowledge, the feasibil-
ity of an MPC approach for the energy management of hybrid
power systems has not been experimentally shown before.
This paper fills this gap by providing details on the hardware
employed, system integration and architecture, and real-time
implementation of an advanced energy management strategy.

This paper is organized as follows: First, the setup of the
hybrid test stand is discussed, and testing procedures are
explained. Next, the control problem is formulated, and the
real-time implementation of the control strategy is explained.
The simulation and experimental results are then discussed.
Finally, conclusions are drawn based on the controller/system
performance in meeting its objectives.

II. EXPERIMENTAL SETUP

The hybrid power system considered in this paper consists
of an FC and a UC bank connected in parallel. An electronic
load is used to draw requested amounts of power from the
hybrid system. A real-time controller board is used to provide
supervisory control over the system by determining the portion
of the power demand met by the FC (energy supply) and UC
bank (energy storage). The controller implements these control
actions through power electronic devices, which are used to
regulate and condition the voltage and current of the FC and

UC. Fig. 1 shows a general schematic of the hybrid power
system.

The FC used in this setup is a Ballard Nexa FC module.
The Nexa FC stack uses pure gaseous hydrogen as fuel to
produce unregulated dc power. The module has an onboard
blower which pumps air into the stack, where the oxygen is
used to complete the chemical reaction. Stack temperature is
maintained through the use of a cooling fan, and an integrated
humidifier ensures that the humidity of the stack stays within
a desirable operating region. This stand-alone module has a
controller which implements all control actions necessary for
the continued operation of the stack (hydrogen valves, compres-
sor, cooling fan, etc). The module also has emergency shutoff
provisions that shut down the stack when hazardous conditions
are perceived. Some of the module output specifications are as
follows:

1) peak power: 1200 W;

2) voltage at rated power: 26 VDC;
3) current at rated power: 42 A;

4) output voltage range: 22-50 VDC.

The FC output is unregulated, meaning that the stack voltage
drops as the current it provides is increased. Therefore, a power
electronic device is required to maintain a steady bus voltage.
Three Cosel CDS6002428 forward converters are connected
in parallel in order to regulate the FC output. The parallel
association of the converters has a rated power of 1800 W
and maintains a bus voltage of 24 VDC over the entire voltage
range supplied by the FC module. The FC and dc/dc converter
combination or the energy supply side of the hybrid system is
shown in Fig. 2.

A single EPCOS UC module is connected in parallel with the
dc link via a dc/dc converter to act as a power buffer and provide
energy storage. The module specifications are as follows:

1) capacitance: 200 F;
2) max rated voltage: 14 V;
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Fig. 2. Energy supply side of hybrid system.
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Fig. 3.

Energy storage side of hybrid system.

3) energy storage: 5.44 Wh;
4) peak power delivery: 4000 W.

A Zahn DC5050-SU dc/dc converter is used to regulate
the power delivered by the UC bank to the bus. This half-
bridge converter has bidirectional current-control capabilities.
The acceptable input voltage range is 1242 VDC, and the
maximum output power is 1200 W. The converter can be
internally powered by either the UC or the FC, so that the
operation does not shut down as the UC voltage drops. The
UC bank and dc/dc converter combination or the energy storage
side of the hybrid system is shown in Fig. 3.

The FC and UC bank converters work together in order
to maintain a constant bus voltage and control the current
delivered by each source. The FC converter operates in a
voltage-control mode to maintain the bus voltage, and the UC
bank converter operates in a current-control mode to provide
supplemental current to the electronic load.

The control strategy that controls the bus voltage and current
split between the FC and UC is implemented using a dSPACE
ds1103 controller. The controller is first built in Simulink;
MATLAB’s real-time workshop is then used to generate C-code
for the target processor. The UC voltage is sensed by voltage
probes, and the FC and UC currents are measured using current
clamps. The current measurement is filtered using a linear first-
order low-pass filter. The dc/dc converters are used as actuators
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to enforce the high-level control decisions. A simple PI control
loop in the Zahn dc/dc converter ensures offset-free tracking
of the current reference issued to it by the higher level power
management strategy. The details of the supervisory power
management scheme are described in the next section. The
combined system allows precise control of current delivery (at
constant bus voltage) to the load from the hybrid system.

III. CONTROL PROBLEM FORMULATION

The control objective is to meet the power demand while
minimizing FC power fluctuations, which helps extend FC life.
The FC converter maintains the bus voltage constant (at 24 V);
thus, the problem of meeting the power demand is simplified
from a power split problem to a current split problem. In other
words, it is required that Igyg defined as

Igus = Ip3° + I5E° (M

is always equal to the total current demand /. Here, I35 and
IBYS are the currents delivered to the bus by the UC and FC,
respectively; positive UC current (I58° > 0) represents the UC
discharge. By maintaining the bus voltage with the FC dc/dc
converter, the UC dc/dc converter provides an extra degree of
freedom for controlling the current split. The current demand
(Ip) is a measured variable; thus, by controlling IS5, the
amount of current drawn from the FC can be determined.

To extend the FC lifetime and improve fuel economy, it is
desirable to minimize the transients seen by the FC. Therefore,
ideally, we like to run the FC at a constant operating point and
have the UC module absorb any change in current.

The relationship between the Nexa FC module output power
and efficiency was determined experimentally. This relates the
amount of power generated by the FC (as measured at the out-
put terminals) to the theoretical power based on the hydrogen
fuel’s energy content and flow rate. The results show that the
FC efficiency is inversely proportional to the amount of power
delivered. However, the converter used to regulate the FC to a
constant bus voltage has a higher input/output efficiency at high
power. Fig. 4 shows how the FC and dc/dc converter, when
connected, result in a combined efficiency with a peak. This
peak, which represents the operating point for maximum fuel
economy, occurs at an FC bus current of 20 A (assuming 24-V
bus). We refer to this current as the FC ideal operating current
in the rest of this paper and represent it by [ IQCP .

The current that the UC bank is capable of delivering depends
on its state of charge (SOC). The SOC is simply defined as the
UC voltage over its maximum rated voltage and ranges from
zero at no charge to one at full charge. The SOC of the UC bank
becomes a key parameter when determining the current split
between the two power supplies. One of the control objectives
is to enforce upper and lower bounds on the UC SOC at all
times.

In our proposed architecture, the charge and discharge of the
UC are controlled by a bidirectional dc/dc converter. Assum-
ing that the UC line resistance is negligible, the relationship
between the UC currents before and after the converter (Iyc
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and I[E}g S, respectively) is determined using the conservation
of power

B Iuc - Vuc =Vaus - IGS° 2

8= { Tdischarge; While discharging

1/Ncharge,  While charging 3)

where Vijc is the voltage of the UC, Vpysg is the bus voltage,
and 7)charge and 7discharge are the charge and discharge efficien-
cies. The relationship between the converter input power and
the converter efficiency 7 is shown in Fig. 5, where the input
power is from the bus when charging and from the UC bank
when discharging.

When given the current demand Ip and the UC SOC, a
converter efficiency map can be used to determine the current
which is needed from the UC (IQF) in order for the FC to
provide its ideal operating current (I3 ). Therefore, when
IRE is specified, and Ip and SOC are measured, I5E can be
determined

Vius (Ip — Irt)

IOP
8- Vmax - SOC

uc —

“4)

where Varax is the UC voltage at full charge.

A. Rule-Based Power Management Strategy

First, a simple rule-based algorithm was devised, which
determines the UC current, based on the current demand and
the SOC of UC. The FC supplies the difference between the
current demand and the current supplied by the UC.

The current demand, FC operating current, and SOC of the
UC are used along with (4) in order to find IOF or the current
required by the UC in order for the FC to provide its operating
current. This value is then passed through a first-order filter
H(s) to determine the desired current out of UC I{5,

D
IUC

oP
IUC

= H(s) = ——— Ts'j - )

where 7 is the time constant of the filter. This first-order filter
assures that the current delivered by the FC always approaches
the current demand at steady state. This is important because
the UC bank should only be considered a storage device for
buffering large transients and not as a source to provide or
absorb energy for continuous periods. The speed at which the
FC current approaches the demand can be adjusted by the filter
parameter 7.

To respect the bounds on the SOC of UC, the desired UC
current is adjusted by a gain K € [0 1], which is a function of
SOC, as shown in Fig. 6; i.e.,

Tuc(t) = K - I (t) (6)

where Iyc is the actual current that the UC should supply.
When SOC is far from reaching a constraint, K is set equal to
one, and all the desired UC currents are used; however, when
SOC is approaching a constraint, the gain is decreased as a
quadratic function of SOC until K = 0, i.e.,

K =1-25(S0C —0.7)2.

This quadratic form penalizes large deviations from the
desired SOC of 0.7, more aggressively than a linear form. When
the SOC reaches its limits, /K is set to zero so that no current
is taken from UC. The resulting controller is ad hoc but pro-
vides a simple power management strategy to meet the current
demanded while considering various low-level objectives and
constraints, such as SOC violations.
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It should be noted that, due to use of a high-pass filter in
determining the UC’s current, the UC current will decay to
zero at steady state. This will prevent the UC’s charge recovery
and peak load shaving at steady state. To allow active charging
of the UC at steady state, an “active recharge mode” was
programmed into the rule-based controller. In this mode, the
FC will slowly increase its current output in order to charge the
UC bank back to the desired SOC of 0.7.

The performance of the rule-based controller was tested on
the real-time platform, and the results will be discussed in a
later section.

B. Model Predictive Power Management Strategy

The rule-based scheme works based on instantaneous current
demand and SOC of the UC. Smoother power split decisions are
expected if a predictive planning strategy is employed. In [25]
and [26], the merits of an MPC strategy in the power manage-
ment of an FC/UC hybrid are demonstrated via simulations. In
this paper, the performance and the viability of implementing
an MPC power management strategy are evaluated in real-time
experiments.

MPC is a model-based control approach that utilizes a model
of the system to project the future response as a function of
control inputs and known disturbances; it then determines the
optimal control inputs by minimizing a performance index over
a finite prediction horizon. Pointwise-in-time constraints on the
inputs, outputs, and states can be explicitly enforced in the op-
timization. The first control input from the calculated sequence
of optimal inputs is applied to the system, and the optimization
process is repeated at every time step in a receding horizon
fashion. When the model and constraints are linear and the
performance index is a quadratic function of the states and the
inputs, the MPC problem can be cast as a quadratic program-
ming problem for which efficient solutions exist [36]-[38].

The predictive nature of MPC allows preemptive action to
be taken if the system is approaching a constraint. This makes
MPC a good candidate for the FC-UC power management
problem because of the objective of reducing sharp transients in
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the FC current while invoking the constraints on the UC’s SOC.
Moreover, unlike the heuristic tuning in rule-based method, the
MPC strategy can be tuned more systematically by adjusting
the penalty weights in the performance index.

In developing a dynamic model for the MPC design, only the
dynamics of the UC’s SOC is considered. Unlike in [25] and
[26], where explicit control of FC internal states was sought,
in this paper, the main criterion is controlling the current taken
from the FC; therefore, the dynamics of the internal states of
the FC are not considered. The dynamics of power electronic
devices are very fast and thus neglected. The rate of change of
SOC of the UC is

d —Iuc
—SOC = ————. 7
dt C - Vamax 7
A cost function is formed
k4P ,
7= (W1 (SOC(ilk) — SOCOP (1))
i=k

+ Wa (Iue(ilk) = 108(9)°)  ®

which penalizes the following: 1) deviations from FC operating
point 2) deviations in SOC, with penalty weights W;. Here,
SOC(i|k) represents the SOC predicted at the current time step
k for the ith step in the future using the model of the system.
We also enforce bounds on UC SOC

0.5 <SOC<0.9

as a hard constraint in the optimization process. Because the
relationship between the UC voltage and its SOC is linear,
enforcing (0.5 < SOC < 0.9) is equivalent to enforcing the
constraint 0.5Vyax < Voo < 0.9Vax on the UC voltage. Our
rational for using a lower bound of 0.5 on the SOC was the fact
that a UC releases 75% of its stored energy when discharged
from full charge to SOC = 0.5. Below that level, only 25% of
the energy is available, but the voltage will be low for the dc/dc
converter that we have in the lab. That is, the voltage drops
below what the Zahn dc/dc converter can accept. An upper
constraint of 0.9 is just a margin against overcharging the UC
which could be harmful to it.

The cost function (8) subject to the model equation (7) and
inequality constraints on SOC is minimized at each sample
time to determine the sequence of the next N < P control
inputs U;(k) = [u(k) u(k+1) u(k+ N —1)] over
the future horizon P. When N < P, the remaining control
moves [u(k+ N) u(k+N+1) u(k + P —1)] are
assumed to be zero. Here, the control input u (also called
manipulated variable) is the UC current I;;. According to
the standard MPC design, only the first entry of the control
sequence U; (k) is applied to the system, the optimization hori-
zon is moved one step forward, the model and constraints are
updated if necessary, and the optimization process is repeated
to obtain the next optimal control sequence U;(k + 1). With
a linear model of the process and linear constraints and the
quadratic cost in (8), this dynamic optimization problem can be
cast as quadratic program for which efficient real-time solutions
exist [36]—-[38].
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A block diagram showing the structure of the MPC opti-
mization process through a linear model is shown in Fig. 7.
The MPC power management scheme was developed using the
MPC toolbox in MATLAB and implemented using a dSPACE
ds1003 controller board in test bench experiments. A sampling
interval of 0.1 s was chosen. With this sampling interval, the
computational time of solving the quadratic program did not
pose a limit for the real-time implementation of the controller
on the dSPACE target processor. Several papers have discussed
the requirements for solving a quadratic program online in more
details; see, for instance, [39].

IV. EXPERIMENTAL RESULTS

A current demand profile which includes large transients
and extended high and low power segments is used to test the
performance of both rule-based and model predictive power

management strategies. Figs. 8 and 9 show a comparison of
the simulation and experimental results for both cases. The line
resistance losses are relatively small but could have an influ-
ence on the experimental output. The bidirectional converter’s
nonlinear efficiency map could also be a source of error, as it
was difficult to model accurately.

The performance of the rule-based controller was largely
dependent on the control parameter settings. The tuning of the
controller was achieved primarily by the adjustment of the filter
time constant 7. This value determines how quickly the FC
current approaches the demanded current. The final setting for
T was chosen to be 12.5 s through trial and error.

The tuning of the MPC strategy was more straightforward
than the rule-based strategy, as the constraint on SOC could
be explicitly enforced and the power split could be adjusted
through the cost function weights. Table I lists the final penalty
weights and constraints used in the MPC design. The prediction
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Fig. 10. MPC versus rule-based control: FC current comparison.

horizon P and control horizon N for the MPC controller were
set to 20 and 2, respectively.

The controllers were tested in real-time under the same
current demand profiles. Fig. 10 shows the FC current; the MPC
controller’s predictive nature results in smoother transitions in
the current delivered by the FC.

Fig. 11 shows a comparison of how the UC bank was utilized
by each controller. Both controllers absorbed the transients
equally well until the SOC penalty effect limited the rule-based
supply current.

Current (Amps)

L i

0 20 40 60

80 100 120 140 160 180 200
Time (sec)

Fig. 11.  MPC versus rule-based control: UC current comparison.

The rule-based controller was more conservative in using
the UC bank to supply current, while the MPC controller was
more aggressive. This can be easily seen in Fig. 12, where
the MPC controller quickly approaches constraints without
violating them (except for a very short period which may be
due to the differences between the plant and the model). The
rule-based controller could be tuned to act in a more aggressive
manner, but this results in an abrupt decrease in the magnitude
of UC current when a constraint is reached, leaving any other
changes in loading to be absorbed by the FC.

The large current spikes in rule-based strategy occur when
the SOC approaches its constraints. Fig. 13 shows the Irxc when
the rule-based strategy assumes no limits on the UC SOC (uses
K =1). The plot compares this to the actual Ipc delivered
(K determined using Fig. 6).
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The cost function, which is used to find the optimal control
actions in MPC, can be adjusted to change the controller
performance. The effect of changing the weights of the MPC
controller is shown here through real-time results from the
MPC controller. The two weights in the cost function are on
the deviation from the requested UC current (I95) and the
deviation from the ideal SOC. The weight on [yyc was held
constant, and the weight on SOC was varied to show the
effects of different weighting. The low SOC penalty weighting
was 400, and the high SOC penalty weighting was 1500. The
relative weighting, not absolute weighting, is important in the
MPC problem.

The effects of the large SOC penalty can be seen in Fig. 14.
Such a large penalty on the SOC deviation results in very
little use of the UC. The relative weighting can be adjusted for
more aggressive or conservative performance, depending on the
application.

Fig. 15 also shows the effect of a large SOC penalty has on
the current split in the system. In the case of the large penalty,
the UC bank is hardly used as a buffer, forcing the system to
rely mainly on the FC to provide the demanded power.

Adjusting the prediction and control horizons is another
method by which the performance of MPC controller can be
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Fig. 15. SOC weighting effect: Iyyc and Irc.

tuned. Simulations were used to examine the effects of changes
in these horizons. The MPC controller discussed previously was
used for power management under a simple pulse current de-
mand profile. The control horizon was maintained at a constant
value of two, and weights were held constant.! The prediction
horizon was adjusted from short to long, and the simulation
results were recorded.

Fig. 16 shows the SOC of the UC under the various predic-
tion horizons. From this plot, it can be seen that the UC bank is
used in a more aggressive manner with a shorter prediction hori-
zon. The reason for this may be that, with a longer prediction
horizon, the anticipation of a SOC constraint violation results in
a more conservative use of the UC bank and smaller deviations
in SOC. Because of the wide variations in SOC under a small
prediction horizon, the controller tends to perform poorly when
reaching a constraint, but a long prediction horizon does not
utilize the UC bank to its full advantage.

I'The control horizon determines the number of unknown optimization vari-
ables (control moves) over the prediction horizon. Because the model predictive
control problem is solved in a receding horizon manner and only the first of this
control moves is really used and the other ones are recalculated at each sample
time, large control horizons typically do not have a big influence on the results.
They do increase the computational time significantly due to the increased size
of the optimization problem. In the problem discussed in this paper, the results
with control horizons larger than two are indistinguishable from each other and
therefore difficult to see the difference in a plot. We only report the results with
the control horizon of N = 2.
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The aforementioned experimental validation has been carried
out with an electronic load which imposes dc current free of
harmonics. Understanding the influence of switching harmon-
ics on the performance of low- and high-level control systems
has not been the focus of this paper and may be a good direction
for future investigation.

V. CONCLUSION

The experimental results in this paper have shown the effec-
tiveness of a two-degree-of-freedom control configuration for
the power management of a UC-FC hybrid. A dc/dc converter
in its current-control mode controlled the current taken from
the FC and UC; another dc/dc converter in its voltage-control
mode maintained a constant bus voltage. We have tested two
current management strategies at the supervisory level: an
optimization-based MPC algorithm and a rule-based algorithm
that was tuned to do as well as the optimization-based approach.
The feasibility of real-time implementation of both algorithms
was shown in experiments. The MPC approach had the advan-
tage of being easier to tune. Due to explicit handling of the UC
SOC constraint in MPC, the UC bank can be used more aggres-
sively to buffer sharp transients and supply power in times of
high demand. The rule-based controller does not always fully
utilize the power available from the UC bank. Moreover, the
rule-based controller may need retuning if a different type of
demand profile is expected while the optimization-based and
predictive nature of MPC makes it applicable across a wider
range of demand profiles. In addition, the MPC design process
described in this paper can be carried out in more complex
situations where the design of a rule-based algorithm is not
intuitive. For example, when there are more than two power
generation/storage sources, finding the optimal power balance
is not straightforward with a rule-based algorithm. Moreover, if
the dynamics of the FC are to be taken into account, resorting
to model-based design may simplify the problem.
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