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n this article we consider the objec-
tive of efficient transfer of electric en-
ergy between subsystems, where each
subsystem can generate, store, or con-
sume energy. An application example is
a multidomain system consisting of a fuel-
cell-based generating unit, batteries, super-
capacitors, and electric motors or generators;
this topology is used in some electric cars. De-
pending on the operation regime, energy must be
transferred between the various units, which we refer to as
multiports, according to some energy-management policy.
To ensure energy exchange, the interconnection of the stor-
age and load devices is performed by using power convert-
ers. These subsystems are electronically switched circuits
capable of adapting the port voltage or current magnitudes
to a desired value.

To achieve energy transfer between multiports, it is
common practice to assume that the system operates in
steady state and then translates the power demand (flow
sense and magnitude) of the multiports into current or
voltage references. These references are then tracked with
control loops, usually proportional plus integral (PI). Since
the various multiports have different time responses, it is
often necessary to discriminate between quickly and slowly
changing power-demand profiles. For instance, due to
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physical constraints, it is not desirable to demand quickly
changing power profiles to a fuel-cell unit. Hence, the peak
demands of the load are usually supplied by a bank of
supercapacitors, whose time response is fast. To achieve
this objective, a steady-state viewpoint is again adopted,
and the current or voltage references to the multiports are
passed through lowpass or highpass filters. For further
details, see “Criteria for Current-Reference Selection.”

The steady-state approach currently adopted in practice
can only approximately achieve the desired objectives of
energy transfer and slow-versus-fast discrimination of the
power demand. In particular, during the transients or
when fast dynamic response is required, the delivery of
demanded power in response to current or voltage refer-
ences and the time response action of the filters might be
far from satisfactory.

In this article we present an energy router that dynami-
cally controls energy flow. The router operational principle
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Criteria for Current-Reference Selection

he definition of the reference current i*(t) described

in the section “Power Electronic Implementation of the
DSER” can complement additional constraints aimed at sat-
isfying, for example, instantaneous reactive power specifi-
cations in electrical power applications. In addition, and to
discriminate between quickly and slowly changing power de-
mands, the current reference might be filtered with lowpass,
highpass, or bandpass filters before being sent to the power
converter controller.

Due to the slow dynamics of fuel cells, in combined imple-
mentation with other sources, the current reference of the

fuel-cell port comes from the load current passed by a low-
pass filter. As shown in Figure S1, the sum of the current
references of ports 1 and 2 is the current reference of port 3.
In this way, the fast response of the supercapacitor is used to
supply high power demands. Furthermore, in this particular
example, the voltage terminals of the three ports are consid-
ered to have the same value; otherwise, the current-reference
shape is given by
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FIGURE §1 An example of current references in a multiport system with a fuel-cell source unit, a supercapacitor as a storage unit,
and a generic electric load. In this example, the current load experiences a fast increment. Since the fuel cell cannot follow this
quickly changing current demand, the supercapacitor supplies the current difference. To maintain the value of v, it is essential
that the power delivered matches the power demand in applications using this kind of power converter. In this example the volt-
ages vy, V,, and v; are considered equal, and the interconnection is lossless. Therefore, due to power balance, the addition of the

supplied currents must agree with the load current.

presented in [1] and [2] discriminates between “good” and
“bad” energy within the context of walking robots. A brief
review of this device, which we call the Duindam-
Stramigioli energy router (DSER), is given below from the
perspective of electrical networks. The DSER embodies a
nonlinear transformation that instantaneously transfers
energy among multiports. The flow direction and rate of
change of the energy transfer are regulated by means of a
single scalar parameter. The goal of this article is to show
that the DSER can be implemented by using standard

power electronic converter topologies. Moreover, it is
shown in [3] and [4] that nonlinear controllers can be used
to determine the switching policy of the power converter.
Therefore, the DSER can provide the basis for a physically
viable device for high-performance energy-management
applications. Simulation results for a two-subsystem exam-
ple illustrate the performance of this approach.

This article is organized as follows. In the next section,
the energy-management problem is formulated, a proce-
dure used for its solution is reviewed, and DSER is
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described. In the following section a power electronic
implementation of DSER is presented. Illustrative results
are given in the section “Simulation Results.” The article
ends with some concluding remarks.

The main objective of this article is to present the opera-
tional principles of the DSER and a power electronics
implementation. We do not address technological consider-
ations such as alternative circuit topologies or handling of
the losses in the DSER. These topics, which are relevant to
developers and designers of power electronics converters,
are discussed in [5].

FORMULATION OF

THE ENERGY-TRANSFER PROBLEM

It is assumed that the multiports denoted by X have as port
variables the terminal voltages and currents, which we
denote as v(t),i(t) € R", respectively; see Figure 1. It is
also assumed that the multiports satisfy the energy-
conservation law

stored energy = supplied energy — dissipated energy. (1)

To formalize (1) the following assumptions are made.
i) The stored energy is represented by the nonnegative
scalar function H: R"— [0, ), whose argument
x € R" is the state vector of the multiport. In an elec-
trical circuit, x consists of electric charges in the
capacitors and magnetic fluxes in the inductors.
ii) The supplied energy is given by the integral of the
power delivered by or demanded from the external
environment, that is,

t
Hg(t) :J’UT(S)i(S)dS. )

0
iii) For ¢t = 0 the dissipated energy is given by the inte-
gral of a nonnegative function representing power.
For instance, the rate of energy flow through the
resistive element R is given by Ri3(t), where R > 0is
the value of the resistor and ix(t) is the current flow-
ing through the resistor. Therefore the dissipated

energy is

FIGURE 1 Representation of a subsystem, such as fuel cell or bat-
tery, as a multiport, denoted by 3, with port variables v;(f) and i(t).
It is assumed that the multiport satisfies the energy-conservation
law, which implies that the supplied energy is equal to the stored
energy plus the dissipated energy. The studied system consists of
q multiport systems >, with energy functions H;(t) and port vari-
ables (vi(1), (1), j=1, ..., g, satisfying the power relation (6).
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a(t) = J Ri%(s)ds. (3)

0

With this notation the energy-conservation law (1)
becomes

t

H(t) — H(0) :JUT(S)i(S)dS —d(t), 4)

0

where H(t) == H(x(#)). Since d(t) = 0, we have
t
H(t) — H(0) SJZ}T(S)i(S)dS. (5)
0
The inequality (5) implies that, at each instant of time, the
increase of stored energy cannot exceed the external sup-
plied energy (2).
Differentiating (4) and noting that d(t) = Ri}(t) = 0 for
all t, we obtain

H(t) = 0" (1)i(t), (6)

which means that the rate of increment of stored energy is
less than or equal to the power delivered by or demanded
from the system. To accomplish the energy exchange, the
system we consider is composed of g multiport subsystems
3, with energy functions Hj(t) and port variables
(v;(t),i;(t)), j=1,...,q, satisfying the power relation (6).
These multiport subsystems are interconnected to
exchange energy according to a specified energy-
management policy.

The typical procedure for achieving energy transfer
proceeds as follows [6]-[9]. Assume that at time t =0 a
demand P}(t) of power is requested from multiport X,
Measuring the voltage v;(t), the power demand is then
transformed into a current reference i;(t), solving the
instantaneous power relation

Pi(t) = o] (1)i3(t).

The terminal variables of the multiports are usually inter-
connected by power converters, which are circuits that
apply the desired current or voltage profile to the multi-
port. In steady state, the desired energy-transfer objective is
achieved asymptotically, thereby driving the current track-
ing error i;(t) — ij(t) to zero. Toward this end, the switch-
ing policy of the converter is determined with a PI loop

around the current error.

THE DUINDAM-STRAMIGIOLI ENERGY ROUTER
Dynamic energy transfer is a time-varying energy rate
according to the operational energy needs of the system.
The operation of the DSER is briefly reviewed in this sec-
tion; for further details see [2].

For simplicity, we first consider temporarily the case of
two multiports. Moreover, we are interested in energy-
management applications where the dissipated energy is



In this article we present an energy router that dynamically
controls energy flow.

negligible, that is, d,(t),d,(t) = 0. Therefore, the power
inequality (6) becomes

Hi(H) =o ()i (1), Hy(t) =0 ()i (). )

Assume that, at time t = 0, it is desired to instantaneously
transfer energy from multiport %, to multiport ; without
losses. Therefore, we require that

of (1) (1) + ;5 (H)ir(t) =0, )
with

H,(t) >0, H,(t) <O0. )
Equation (9) ensures that H,(t) decreases, while H,(t)
increases, as desired.

To accomplish the energy transfer objective we couple
the multiports through another multiport subsystem %,
called the interconnection subsystem shown in Figure 2. To
satisfy constraint (8), the device X; must be lossless, that is,
the total energy loss is zero; this condition is traditionally
called power-preserving, which refers equivalently to the
fact that the rate of energy loss is zero. The negative feed-
back interconnection, that is, i; = v,, i, = —v, is a particu-
lar case of a lossless interconnection.

A lossless interconnection that satisfies (9) is the DSER,
which is defined by

_ 0 a(b)v (o] (t)}
2= {—a(tm(t)vf 0) o |
The relation between the port variables is thus
|:i1(t):| _ { 0 a(t)vl(t)va(t)Hvl(t)} a1
ir(t) —a(t)v,(t)v] (t) 0 v, (1))

where a(t) € Risapossibly time-varying designer-chosen
parameter that, as shown below, controls the direction and
rate of change of the energy flow.

Multiplying (11) on the left by the row vector
[of (1) o] ()] yields (8). Hence, 3, is lossless. Further-
more, substituting the current expressions of (11) into (7)
yields

Hl(t) =a(t) |'01(t)|2|'02(t)|2/
H,y(t) = —a(t) o, (1) 2o, (1) %,

Y =
AN

21 17 z:I Vo Z2

FIGURE 2 Interconnection subsystem, denoted by X, To couple
multiports 3, and X, satisfying the power-preservation restriction,
the interconnection subsystem must be lossless. The power-pre-
serving interconnection X, controls the energy-flow magnitude
and direction.

which shows that if a(t) > 0, then (9) is satisfied. Note that
the DSER ensures only that H,(t) is nonincreasing and
H,(t) is nondecreasing. However, when the voltages are
nonzero, which is the normal operating condition, the
desired energy exchange occurs.

The energy direction can also be inverted, that is, if
a(t) <0, then the energy flows from 3, to X;. Moreover,
the energy transfer rate can also be regulated with a suit-
able selection of a(t). For instance, regulating the rate of
change of « (t), the energy flow can be made faster or slower
providing the ability to comply with restrictions on time
responses of the multiports. These features of the DSER are
illustrated in the section “Simulation Results.”

The DSER defined by (11) is a current-tracking multi-
port. That is, given v (t), v,(t), (11) defines the desired
values to be imposed on the multiport currents. A dual,
voltage-tracking DSER can be defined as

[vl(t)} _ { 0 a(t)i(t)iy (t)Mil(t)}
0 ()] [a(®)iy(B)if (1) 0 L))

which yields

Hy(t) = a(®)]i () Pli (D)%, Hy (1) = —a(®) iy (5) [P|ir () |
The selection between current-tracking or voltage-track-
ing implementations of the DSER depends on technologi-
cal considerations, which are discussed in “Power
Electronics Considerations.” In the current-tracking case
a/(t) controls the direction and rate of change of the energy
flow. Therefore, a(t) must be selected by considering the
energy-exchange needs and physical constraints on the
system, for example, the maximum current or voltage tol-
erated by the system.

A more general form for the energy router is obtained
by considering the generic interconnected system
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The Duindam-Stramigioli energy router embodies a nonlinear transformation
that instantaneously transfers energy among multiports.

il(t)}:{ 0 B(t)le(tq
[iz(t) -8t 0 o)) (12)

where the matrix B(t) € R"*" is chosen such that the
power conditions (9) are satisfied. Multiplying both sides of

(12) by [0, (1) T v,(t) "] yields
[v{(t)il(t)} _ { of (1) B(H)vy(t) }
o] (Ni(H)] =0y (1)) B(B) oy (1))

In the DSER, B(t) =a(t)v,(t)v, (t), while alternative
choices of this parameter are suitable for achieving the
desired energy transfer, for example, the introduction of a
saturation function in B(t) is a technique for limiting the
energy exchange between multiports. Therefore, a useful
choice for energy management is

B(t) = a(t)d1(v1(1) ($a(v2 (1)) T,

where ¢;: R" — R™ are first-third quadrant mappings, that
is, ¢; satisfies a’¢;(a) > 0 for all a € R™. By suitable selec-

Power Electronics Considerations

n (16) and (17), it is assumed that v¢(t) is bounded away

from zero and that the derivatives of the current references
are known. It follows from physical considerations that,
when the capacitance C is sufficiently large, v(t) remains
positive and bounded. Indeed, in this case a time-scale
separation between the currents and the capacitor volt-
age is enforced. Consequently, in the limit the capacitor
behaves as a constant-voltage source. Moreover, since
high voltage implies fewer losses for a given power delivery
and the power converters are normally voltage boosters,
the voltage of the link capacitor must be kept positive and
greater than v; and v, to ensure energy exchange [5]. In
other words, the energy-storage device is customized for
the power converter and vice versa. Furthermore, the cho-
sen power electronic converter and the link energy-storage
device define the tracking technique, that is, current or volt-
age tracking. For example, in the case of extracting energy
from a current source, the voltage is modulated to regulate
the energy exchange. Therefore, this current source system
requires alternative power converters, switches, switching
policy, and signal tracking.
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tion of these functions, it is possible to modulate the contri-
bution of each multiport to the overall power delivered.

In the development above, it is assumed that the dissi-
pated energy is negligible. More precisely, the dissipated
energy in the resistors is assumed to be smaller than the
energy transferred between the multiports, which is the
case in many energy-management scenarios. The correct
performance of the DSER cannot be ensured when this is
not the case.

POWER ELECTRONICS

IMPLEMENTATION OF THE DSER

We now consider practical implementation to realize the
energy transfer defined by (11). For simplicity, and without
loss of generality, only scalar multiports are considered.
Since no assumption is made regarding the nature of the
port variable signals, the multiports may be alternating
current (ac) or direct current (dc) systems. The selection of
the port characteristics imposes additional technological
constraints on the circuit topology, which are briefly dis-
cussed in the conclusions.

The switching circuit depicted in Figure 3 is a topology
that can be used to implement the DSER. For further details
about implementation, see “Power Electronics Consider-
ations.” Assuming that the switching frequency of the power
converter is sufficiently fast and applying Kirchhoff’s laws to
this converter, the dynamics of the DSER are described by

i
L1£(i) = —Ryi; (1) —ovc()uy () + v, (1), (13)
i
Lzﬁ(i) = —Ryip (1) —vc(B)uy(t) + v,(1), (14)
Sp1+f(5 S0 L om g
+
=C v

32344} So4°1

FIGURE 3 Static converter used to implement the energy router.
The fundamental characteristic of this converter is its bidirectional
energy exchange feature. The port variables, namely, voltages
(v4(1), vo(t)) and currents (i; (1), i,(t)), are specified on both sides
of the converter. Since this converter enables alternating voltage
connection, the scheme is expandable to energy-exchange appli-
cations in ac systems.




Coc(t) = uy ()i () + uy ()i (1), (15)
where 7, (t), i,(t) are the inductor currents, v-(t) is the volt-
age in the capacitor, and u, (t), u,(t) € (0,1) are the duty
cycles of the switches, which represent the control signals.
See [3] and [5] for additional details on modeling power
converter devices. The remaining problem is now to design
a control law that ensures that the currents track their
desired references defined in (11), namely,

{ii(t)} _ { a(t)o; (o3t }
ir()]  |L—a®)v,(Hod))

where i and i, are the desired port currents. The problem
of controller design for power converter systems of the
form described by (13)—(15) is considered in the power elec-
tronics and control literature [3]—[5]. To present the opera-
tional principles of the DSER, we consider the feedback
linearization

u (t) = {01(7}) Ryiy (t) — L1@(f) + Ll')’?l(f)}; (16)

c(t)

Uy () = {Uz(t) Ryip (£) — (t) + Lzylz(t)} 17)

L
v (t) 2 dt
where y > 0 is a tuning parameter, and the tracking errors
are defined by

() =i (0) — (), T, = i) — i),

Replacing (16) and (17) in (13) and (14), respectively, yields

() =~y (1), L) =—yi (1), (18)
which implies that the current-tracking errors converge to
zero exponentially fast, at a rate determined by v, achiev-
ing the desired objective.

The derivatives of the reference currents used in (16)
and (17) can be obtained using approximate differentiators.
Alternative schemes that avoid differentiation can be

derived from the results in [3] and [4].

SIMULATION RESULTS

Simulation results using Matlab are carried out to illustrate
the performance of the DSER. The multiports 3, and 3, are
taken as linear RC circuits, as shown in Figure 4. The energy
functions of the multiports are

Hy () = 2

C
H,(t) :710 5

(1), v3(t).

Their dynamics are described by
1
Cioy () = =iy (t) — 701(1‘)

C

Czﬁz(t) lz(t) Uz(t)

NI I

el ror ! 2
i 1Z] U RC: Z’ :RC C. Vo ]
|‘ 1

S i N J/ AN .

FIGURE 4 Interconnection of linear capacitors, chosen as subsys-
tems. Each capacitor model contains a parallel resistor R, which
in the simulations is not considered due to its high value. The
capacitance of each capacitor is 250 F, which corresponds to a
supercapacitor. This magnitude is related to the storage capability
and voltage variation, and thus only slight variations of the volt-
ages v, (t) and v,(t) are expected. Capacitances on the order of
hundreds or thousands of uF are normally used for voltage regu-
lation. On the other hand, capacitances on the order of hundreds
of F are used for storage elements.

The parameters are chosen as C; =250 F and C, =250 F.
The value of R is on the order of M(} for capacitors used as
energy-storage devices.

The control signals of the DSER, generated from (16) and
(17), are the duty cycles of a pulse-width modulated (PWM)
scheme operating at 15 kHz. The controller gain is set to
v =1000. The derivatives of the current references are
obtained by passing the signals through approximate dif-
ferentiation filters

ks
s+ 1

F(s) =

where k=1 and 7 = 0.0001 s. The voltages of the capaci-
tors C; and C, are initialized at v;(0) =110 V and
v,(0) =55 V. The initial conditions of the DSER are taken
asi;(0) =3.24 Aandi,(0) = —6.12 A.

To illustrate DSER, the time-varying energy-flow con-
trol gain «(+) shown in Figure 5 is implemented. As shown
in Figure 5, in the time interval [0,0.32), the gain is chosen

-5
15 x10
1
N

S 05 N\
(0] \
o
g 0 N\
- /
£ -05 /

=

"0 02 04 06 08 1 12
Time (s)

1.4 1.6

FIGURE 5 Time evolution of «(t), which controls the energy rate
and direction. The variable «(t) can be constant or time varying,
as shown in the plot. During the intervals [0, 0.32) s and (1.44, 1.6]
s, a(t) is constant at the value 1075, while in the interval (0.96,
1.28) s, a(f) is constant at its lower value —107°. To test the
dynamic response, two rates of change are imposed, namely,
—31.25x 10 °s 'and 125 x 10 °s™"
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FIGURE 6 Time evolution of the power and energy variation in ports
1 and 2. (a) Power H,(t) and H,(t) in blue and red, respectively.
One curve is the negative of the other, with a slight difference due to
the ripple. Therefore, the energy supplied by one subsystem is
stored by the other. Moreover, the waveform of the power delivered
is proportional to «a(t) with the same rates of change. (b) Energy
evolution H; (1) in the capacitor C;. (c) Energy evolution H,(t) in the
capacitor C,. At time O s the energy flows from C; to C,, the flow
starts to decrease at 0.32 s, and it is inverted at 0.64 s. Hence, after
0.64 s the energy flows from C, to C,. At times 1.28 s and 1.44 s,
where the waveforms cross zero, the total energy transfer is can-
celed. From time 1.44 s to 1.6 s the energy flows from C; to C, at the
initial rate, and thus C, stores the energy delivered from C;.
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FIGURE 7 Time evolution of /; (t) and its error. (a) Current i, (t). Since
the voltage in C; can be considered constant, the current i;(t) is
proportional to «(t) with different units. In the intervals [0, 0.32) and
(1.44, 1.6], i; reaches its maximum mean value of 3.65 A. The mini-
mum mean value of —3.65 A is reached in the interval (0.96, 1.28). (b)
Current error 71(2‘). The maximum mean value of the current error is
0.02 A, with a superimposed ripple of less than 5%. The ripple value
can be reduced by increasing the switching frequency or by changing
the inductance parameter, both according to the design criteria.
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FIGURE 8 Time evolution of j,(t) and its error. (a) Current i, (). The
energy supplied by the capacitor C, has to be stored by the capac-
itor C,, and consequently the current i,(t) has the same shape of
i, (t) but with the opposite sign. During the intervals [0, 0.32) and
(1.44,1.6], i, reaches its minimum mean value of —6.35 A, and the
maximum mean value is reached in the interval (0.96, 1.28). (b)
Current error Tz(t). The maximum current error is 0.025 A, which
has a superimposed ripple of approximately 5%. The ripple can be
improved by changing the design parameters.

to be constant and positive to rapidly transfer energy from
2, to 2. To deliver approximately 400 W, the gain is set to
@(0) = 107°. Then, in the time interval [0.32, 0.96), the gain
is slowly ramped down, crossing through zero, until it
reaches @(0.96) = —107°. Therefore, the transfer of energy
from %, to X, slowly changes direction. In the interval
[0.96,1.28) the gain is ramped up again, but with a faster
rate, finally, keeping it positive and constant and returning
to the initial scenario of transfer of energy from %, to =,.

Figure 6 depicts the behavior of the instantaneous power
and energy variation of 2; and 2, that is, H,(t), H,(t) and
H,(t), Hy(t), respectively. Figure 6 illustrates that energy
transfer is achieved as desired, controlled by «(#) in both
the direction and rate of change of the energy flow. As the
energy is being transferred from one side to the other in the
period of [0,0.64), the energy stored in the capacitor C, is
initially increasing, while the energy stored in the capacitor
C, is decreasing. The opposite situation takes place in the
period (0.64, 1.36). Both working conditions are shown in
Figure 6.

The port currents as well as their references are shown in
figures 7 and 8. Notice that the current ripple strongly
depends on the switching frequency and the inductance L.
Therefore, the 5% error could be improved in the DSER by
increasing L or the commutation frequency. Figure 9 shows
a zoom of the DSER capacitor voltage v (t), which fluctuates
around the reference 220 V. Fluctuations of less than 2%,
even during severe changes of «a(t) are observed, although
in normal applications the tolerance is typically 5%.
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FIGURE 9 Time evolution of the voltage link capacitor v(t). The
nominal voltage of the link capacitor is 220 V, which is chosen
according to the design criterion. Since the system is considered
lossless and the energy is transferred completely from one capac-
itor to the other (C; to C, or vice versa), there is no stored energy
in the link capacitor. Therefore, the nominal voltage remains, with
less than 1% of variation, near 220 V during operation. The effect
is shown by the magnified inset.

Although theoretically stability is ensured for all values
of vy, the effect of the controller gain y on the performance of
the DSER is also studied by simulations. The same simula-
tion is carried out for a smaller value of y, namely, y = 50.
Figure 10 shows that, as expected from (18), the current
tracking is significantly degraded. Consequently, the overall
behavior of the DSER is also unsatisfactory, as shown in
Figure 11.

CONCLUSIONS

A device to dynamically transfer energy between electrical
multiports—the DSER—is presented and developed using
standard switched power electronic devices. One of the
central features of the DSER is the ability to control the
direction and magnitude of the energy flow by changing
only the parameter a(t), which comes directly from power
port considerations. The importance of directly controlling
the energy flow in microgrids is due to the ability to moni-
tor the stocks as well as the consumption of energy in the
various storage and source devices of the system. In an
application of energy transfer involving batteries, for exam-
ple, it is essential to be aware of the energy level of the bat-
teries before making decisions about the appropriate
energy control policy.

The performance of a dual-port DSER for a dc-to-dc
application is verified by simulations. These simulations are
carried out by applying a feedback linearization control law
to the back-to-back dc/dc converter, which implements the
DSER. The dc-to-dc transfer is of special interest due to its
application to interconnected systems fed by proton
exchange membrane fuel cells. Experimental facilities are
available [10] to continue with this long-term project.
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FIGURE 10 Time evolution of the currents and current references
with y = 50. (a) The current i; (t) in the left-side capacitor C, and its
reference i j(t) are shown in blue and red, respectively. (b) Current
i,(1) in the right-side capacitor C, and its reference i ,(t) are shown
in blue and red, respectively. In both waveforms (a) and (b), the
displacement between the current reference and the load current
can be noticed. Not only is the speed of convergence reduced but
also the current remains away from its reference in steady state.

The potential applications of the DSER go beyond dc-
to-dc configurations. Alternative topologies are available
for handling ac-to-dc or ac-to-ac transfers. Furthermore, in
this article we consider the interconnection of voltage
sources, but in reality the energy in each port could be pro-
vided by current sources and a voltage-tracking system.
These topologies, together with various control laws, are
currently under study.
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FIGURE 11 Time evolution of the system power with y = 50. The
power H, (1) in the left-side port is in blue, while the power H,(t) in
the right-side port is in red. Since the shape of «() is not followed
by the power profile of both capacitors, the complete performance
of the interconnected system is deficient. The addition of delivered
and demanded power is nonzero, and thus the remaining energy
flows into the system. This energy difference interferes with the
correct operation of the system by causing variations in the link-
capacitor voltage v(t). It is therefore necessary to account for the
sensitivity of the static dc/dc power converter.
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The goal of this article is to show that the DSER can be implemented by
using standard power electronic converter topologies.

ACKNOWLEDGMENTS

The work of R. Grifié and S. Malo has been partially sup-
ported by the Spanish Research Project DPI 2007-62582.
Antonio Sanchez-Squella would like to acknowledge Digi-
teo project 2007-13D and CONICYT-Embassy of France in
Chile for their financial support.

AUTHOR INFORMATION

Antonio Sdnchez-Squella obtained the B.Sc. in electrical
engineering from the University of Concepcién, Chile, in
2001. He received the M.Sc. in 2007 from Univeriste Par-
is-Sud 11, France, where he is currently working toward
the Ph.D. From 2001 to 2006 he worked for the Industrial
Support Company, Santiago, Chile, as a project engineer
developing technological solutions for the copper mining
industries in South America. His research interests are in
nonlinear control and their application to energy manage-
ment in electrical systems.

Romeo Ortega (ortega@lss.supelec.fr) obtained the
B.Sc. in electrical and mechanical engineering from the
National University of Mexico, the master of engineering
from Polytechnical Institute of Leningrad, USSR, and the
Docteur D’Etat from the Politechnical Institute of Greno-
ble, France, in 1974, 1978, and 1984, respectively. In 1984, he
joined the National University of Mexico, where he worked
until 1989. He was a visiting professor at the University of
linois in 1987-1988 and at McGill University in 1991-1992,
and he was a fellow of the Japan Society for Promotion of
Science in 1990-1991. He is currently a CNRS researcher in
the Laboratoire de Signaux et Systémes (SUPELEC) in Paris.
His research interests are in nonlinear and adaptive control
and their applications. He is a Fellow of IEEE and an editor
of several journals. He can be contacted at Laboratoire des
Signaux et Systmes, SUPELEC, Plateau de Moulon, 91192
Gif-sur-Yvette, France.

Robert Grifié received the M.Sc. in electrical engineer-
ing and the Ph.D. in automatic control from the Universi-
tat Politecnica de Catalunya (UPC), Barcelona, Spain, in
1989 and 1997, respectively. From 1990 and 1991, he was
a research assistant at the Instituto de Cibernética, UPC.
From 1992 to 1998, he was an assistant professor with the
Systems Engineering and Automatic Control Department
and the Institute of Industrial and Control Engineering,
UPC, where he has been an associate professor since 1998.
His research interests include digital control, nonlinear
control, and control of power electronics converters. He

80 IEEE CONTROL SYSTEMS MAGAZINE » DECEMBER 2010

is an affiliate member of the International Federation of
Automatic Control (IFAC) and a member of the Comité
Espanol de Automatica (CEA)-IFAC. He is a Member of
the IEEE.

Shane Malo received the B.Sc. in electronics engineer-
ing from the Universidad Francisco Marroquin (UFM),
Guatemala City, Guatemala in 2001. In 2003 he joined the
Institut d’Organitzacié i Control de Sistemes Industrials
at the Universitat Politecnica de Catalunya, in Barcelona,
Spain, where he worked on the control of power electron-
ics converters, obtaining the DEA in 2006, the M.Sc. in
2008, and the Ph.D. in 2009. From 2000 to 2002 he worked
for Nortel Networks Corporation as a systems applica-
tions engineer in the deployment and analysis of TDMA
and CDMA wireless access systems in Latin America. He
is now with Ingeteam Technology S.A. working on power
converters for high power applications. His research in-
terests include power electronics, control of power con-
verters, modeling of power converters, and alternative
energy systems.

REFERENCES

[1] V. Duindam and S. Stramigioli, “Port-based asymptotic curve tracking
for mechanical systems,” Eur. ]. Control, vol. 10, no. 5, pp. 411-420, Dec.
2004.

[2] V. Duindam, A. Macchelli, S. Stramigioli and H. Bruyninckx, Geoplex—
Consortium, Modeling and Control of Complex Physical Systems: The Port Ham-
iltonian Approach. New York: Springer-Verlag, 2009.

[3] R. Ortega, A. Loria, P. J. Nicklasson, and H. Sira-Ramirez, Passivity-Based
Control of Euler-Lagrange Systems. New York: Springer-Verlag, 1998.

[4] M. Hernandez-Gomez, R. Ortega, F. Lamnabhi-Lagarrigue, and G. Esco-
bar, “Adaptive PI stabilization of switched power converters,” IEEE Trans.
Control Syst. Technol., vol. 18, no. 3, pp. 688—698, 2010.

[5] R. Erickson and D. Maksimovic, Fundamentals of Power Electronics. New
York: Kluwer, 2004.

[6] S. Malo and R. Grifi6, “Design and construction of an electric energy
conditioning system for a PEM type fuel cell,” in Proc. 33rd Annu. Conf.
IEEE Industrial Electronics Society (IECON’07), Taipei, Taiwan, Nov. 2007, pp.
1633-1638.

[7] P. Thounthong, S. Raél, and B. Davat, “Utilizing fuel cell and superca-
pacitors for automotive hybrid electrical system,” in Proc. 20th Annu. IEEE
Applied Power Electronics Conf. Exposition (APEC’05), Austin, Texas, USA,
Mar. 2005, pp. 90-96.

[8] W. Choi, J. W. Howze, and P. Enjeti, “Fuel-cell powered uninterruptible
power supply systems: Design considerations,” |. Power Sources, vol. 157, pp.
311-317, June 2006.

[9]1 M. E. Schenck, J. Lai, and K. Stanton, “Fuel cell and power conditioning
system interactions,” in Proc. 20th Annu. IEEE Applied Power Electronics Conf.
Exposition (APEC’05), Austin, Texas, USA, Mar. 2005, pp. 114-120.

[10] R. Talj, D. Hissel, R. Ortega, M. Becherif, and M. Hilairet, “Experimen-
tal validation of a PEM fuel cell reduced order model and a moto-compres-
sor higher order sliding mode control,” IEEE Trans. Ind. Electron., vol. 57,

no. 6, pp. 1906-1913, 2010. @




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


