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Control of a Supercapacitor Energy Storage System
for Microgrid Applications

Fernando A. Inthamoussou, Student Member, IEEE, Jordi Pegueroles-Queralt, and Fernando D. Bianchi

Abstract—The proper operation of a microgrid requires storage
devices that increase the inertia and avoid instability of the system.
This paper presents the control of an energy storage system (ESS)
based on supercapacitors in the context of grid-connected micro-
grids. The ESS is composed of ac/dc and dc/dc converters tied by
a dc link. A single sliding mode strategy is proposed to control a
bidirectional dc/dc converter, capable of working properly under
all operating conditions. The switching devices are commanded by
a single sliding function, dynamically shaped by references sent
from the microgrid central controller. This feature facilitates the
implementation and design of the control law and simplifies the
stability analysis over the entire operating range. The effective-
ness of the proposed control strategy is illustrated by experimental
results.

Index Terms—Energy storage systems (ESS), experimental
setup, microgrids, nonlinear control, power electronics, sliding
mode control, supercapacitors.

I. INTRODUCTION

ICROGRIDS are emerging solutions that provide
M ecofriendly energy systems. In the near future, micro-
grids will penetrate into power systems, especially in electric
power distribution grids [1], [2], delivering clean and renew-
able power close to the end customers [3]. A microgrid is
composed of a number of controllable micro-sources and con-
trollable loads. According to the operation requirements, the
microgrid can be connected (grid-connected mode) [4] or dis-
connected (islanding mode) from the utility grid [5]. During the
grid-connected operation, active and reactive power references
are assigned by the microgrid central controller (MGCC) [6].

Power generators in microgrids are generally interfaced with
power electronics, enabling a new flexible way to manage the
power flow [7]. The electronic interfaces are split into two power
converters in a back-to-back topology, tied by a dc link, with the
grid side converter (GSC) and the microsource side converter.
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A power system dominated by power electronic interfaces has
very low rotating mass inertia, which can lead to a unstable
system. By adding energy storage systems (ESSs), the equiva-
lent inertia introduced increases the robustness of the system,
making it more immune to perturbations, such as the changes in
the loading conditions or changes in the electric energy produc-
tion due to atmospheric variability [8]. There are many possible
technologies to implement an energy storage system: batteries,
flywheels, superconducting magnetic energy storage SMES, su-
percapacitors, and others [9]. None of these technologies offer
a clear advantage over the others. To provide the power and
storage capabilities required by the microgrid, a hybrid solu-
tion is commonly adopted [8]. For this paper, the focus will
be in supercapacitors, but the same concepts can be applied to
batteries.

In the context of microgrids, an ESS based on supercapacitors
consists of a GSC and a bidirectional dc/dc converter (energy
storage side converter, ESSC). In the case of grid-connected
microgrids, the GSC is a voltage source converter that ensures
the power transfer between the microgrid and the ESS by reg-
ulating the voltage of the dc link. The control of this converter
has been extensively treated (see, e.g., [10]-[12]). The control
of bidirectional dc/dc converters has been widely analyzed in
the literature, but not so extensively in microgrid applications.
Among other control techniques, nonlinear techniques based on
variable structures systems (VSS) and sliding mode (SM) the-
ories result especially suitable for switched systems like power
converters [13], [14]. SM techniques permit the combination of
designs with different objectives and also provide a quite sim-
ple implementation. Therefore, for power converters subjected
to high variable operating conditions, SM algorithms become a
natural choice considering their large signal capability.

Several articles have analyzed and proposed SM control
strategies for dc/dc converters in a variety of applications, for
example [15]-[21]. Although the use of bidirectional dc/dc con-
verters controlled by SM to ensure a proper power exchange in
a microgrids is not common. In [15], [17], and [19], unidirec-
tional converters with resistive loads as a single isolated stage
are analyzed. For example, [17] presents the control of a high-
voltage two-cell buck converter, where SM is used to control the
inductor current and a PI control is added to regulate the output
voltage. This configuration is unidirectional in power and the
results are evaluated by numerical simulations. In [18], a bidi-
rectional buck-derived converter is controlled by hysteresis to
extend the battery life through the charge/discharge of a super-
capacitor. In [20], the SM control of a coupled inductor bidirec-
tional dc/dc converter is addressed and results are presented by
simulations for a dc tramway application. Stability analyses are
not addressed in [15], [17], [18], [19], [20]. In [16] and [21],
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Fig. 1. Adopted interface topology for ESS and the power grid.

stability analyses are performed on unidirectional converters as
isolated stages.

The main contribution of this paper is to propose an SM con-
trol strategy for a bidirectional dc/dc converter for an ESS based
on supercapacitors in the context of microgrid applications. The
strategy covers all operating conditions: startup, constant power,
and voltage limitation. The whole strategy is implemented un-
der the SM theory in contrast with other proposals that com-
bine different strategies and do not provide all these operating
modes. This characteristic offers the robustness of SM control
and flexibility to easily get different operation modes. With this
aim, different sliding surfaces are combined resulting in a single
switching control law. Thus, the system is able to run from a
zero energy stored state, exchange power with the microgrid
in normal operation and shut down without the necessity of
human intervention. The controller changes automatically be-
tween these modes, taking into account the references sent by
the MGCC. A stability analysis and experimental results under
maximum operating conditions are also presented. To the best of
our knowledge, the control of a supercapacitor in the previously
mentioned way, in the microgrid context, and with exhaustive
experimental tests, is not treated deeply in the bibliography.

This paper is organized as follows. The next section describes
the ESS based on a supercapacitor and presents the converter
topology. In Section III, the proposed control strategy is intro-
duced. Then, in Section IV, some aspects related to the imple-
mentation are discussed and in Section V experimental results
are presented. The paper ends with some concluding remarks.

II. ESS BASED ON SUPERCAPACITORS

Fig. 1 presents a schematic view of the interface topology
adopted to control the power flow between the energy stor-
age device (ESD) and the microgrid. It consists of an inverter
connected to the grid (GSC), a dc link, a bidirectional dc/dc
converter (ESSC), and the ESD. The last one is the physical de-
vice used to store energy (supercapacitors in the present paper).
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Fig. 2. Bidirectional dc—dc topology used in the ESSC.

Other types of ESD, such as Li-on batteries, can be used with
the same topology and a similar control strategy.

In grid-connected microgrids, the objective of the controller
of the GSC, Ksc, is to ensure the power interchange between
the ESD and the microgrid. To this end, the controller regulates
the dc-link voltage Vj. by injecting or by consuming power
from the grid to maintain the power balance on the dc link.

The controller of the ESSC, Kgggc, regulates the power ex-
changed between the ESD and the dc link. The controller de-
signs strongly depend on the configuration of the microgrid at
which the ESS is connected, as well as on the particular ESD
used. In the configuration of Fig. 1, Kyggc receives instruc-
tions from the MGCC (in the form of a power reference, Pi¢),
which determines when the ESS must store energy and when it
must inject energy into the grid. Fig. 2 presents the bidirectional
dc/dc topology adopted to implement the ESSC. For this topol-
ogy, voltage is always higher on the left side (V;.) than on the
right side (Vzgp ), but energy can flow in both directions. This
converter can work in the buck mode delivering energy to the
storage device or in the boost mode draining energy from the
storage device. Each operating mode is achieved by setting the
proper duty cycle on each switch. Switches S,,; and S, are
operated in a complementary manner. This switching scheme
avoids discontinuous operation for low current set points. In
both modes, the antiparallel diodes act as free-wheeling diodes.

The dc link provides a certain degree of decoupling between
both converters, permitting the design of each controller sep-
arately. Commonly, the GSC in the grid-connected mode is
controlled with a cascaded control scheme. For details on the
control of the GSC, see [10]-[12]. The controller of the ESSC
is described in detail in the next section.

III. SM CONTROL OF THE ESS

Clearly, the system in Fig. 2 is a VSS, i.e., a system with
dynamic changes in the conduction state of the switches. It is
well known that SM techniques provide quite effective control
strategies in the case of VSS [13], [22].

For control algorithms, such as SM control, an instantaneous
model of the switches is utilized. From Fig. 2, it is possible to see
that the structure and dynamics of the system strongly depend
on the switch conducting state, even the energy flow direction
can be changed with the switch operation. Actually, the dc/dc
converter can be seen as formed by two subsystems (buck and
boost) that can be selected according to the duty cycle applied
to the switches S,,1 and S,2. These two operation modes can
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be synthetically described by the following unified model:
I = —Visp/Lesp + (Vae/Lesp)Sw
{ Visp = I1/Cisp
where Crgp is the capacitance of the supercapacitor and

Swl :Sw7 SwQ :g

ey

where the overline denotes the logic inverse state, i.e., if S, = 1
(switch closed), then S,, = 0 (switch open). This equation rep-
resents the dc/dc converter dynamics for both operation modes.
When the duty cycle of Sy, is lower than 50%, the dc/dc con-
verter works as buck, and otherwise, it works in the boost mode.
The ESSC must fulfill several operation objectives depend-
ing on the microgrid and the supercapacitor states. Three clear
objectives can be identified.
1) Startup: the supercapacitors are charged from zero initial
condition at constant current.
2) Constant power: I, is controlled so that there is a power
transfer from/to the grid according to a power reference
P, imposed by the MGCC. Power mismatch between
P, and the actual power transferred to the microgrid,
due to power losses, is assumed to be compensated by the
MGCC.
3) Voltage limitation: once Vggp reaches the maximum or
minimum operation voltage, Vigp is maintained constant.
As mentioned previously, these objectives are accomplished
by the ESSC by controlling the inductor current Iy . In the rest
of the section, it will be shown that these objectives can be
achieved with a single, simple, and easy to implement sliding
surface whose reference is modified in correspondence with the
pursued objective.

A. Startup

The target of this stage is to precharge the supercapacitors in
order to be able to run automatically from a zero initial charge
condition. To achieve this goal the current through inductor
Lgsp is regulated at a constant value I, ., the current limit of
the supercapacitors. Here, the dc/dc converter works in the buck
mode. The following sliding surface

S(IL) = Imax - IL =0 (2)
is proposed associated with the switching logic
Sy = (sign(Imax — 1) +1)/2 3)

where sign denotes the sign function. Then, it must be verified if
(2) qualifies as a sliding surface, i.e., if it satisfies the necessary
and sufficient condition for SM establishment, a.k.a. transver-
sality condition (£;S = —Vgac/Lrsp < 0), where L is the Lie
derivative [13]. If this condition is fulfilled, it can be ensured
that the state trajectories point toward the manifold from both
sides. The existence condition can be obtained by the equiva-
lent control method. The equivalent control is obtained from the
invariance condition (S = 0 and S = 0) and in the case of the
switching law (3), the equivalent control is

g Vesp
Weq ~— Vd .
C

“

SM regimen exists on the manifold whenever the equivalent
control satisfies that 0 < Swpq < 1. That is, there exists SM on
the manifold if 0 < Vggp < Vy. (SM domain). This condition
is always satisfied in the dc/dc converter topology in Fig. 2.

The dynamics in SM is obtained by substituting S, with the
equivalent control in (1), resulting in

I, =0

{ : 5
VESD = Imax/CESD .

This equation reveals that there is no dynamics in the regulated

current (positive constant current) and that the supercapacitor

voltage increases linearly with time.

Notice that other current references can be used. Moreover, a
similar SM control can be used to discharge the supercapacitor.
In this case, the current reference is negative and the ESSC works
in the boost mode. Therefore, the switching logic is identical to
(3) but now S,,1’s duty cycle is lower than Syo’s. In this way,
the system can be turned OFF for maintenance purposes, for
example.

B. Constant Power

In this stage, the control law is similar to the previous case but
the maximum current reference is substituted with the current
needed to transfer the power demanded by the MGCC. The
power reference depends on the particular microgrid operation
and can be positive or negative. Therefore, the dc/dc converter
must work in the buck mode and the boost mode to allow a
bidirectional power transfer.

In this stage, the surface utilized is
Pref

SU1) = VEsp

—I; =0 6)

which verifies the transversality condition since —Vj./Lgsp <
0 holds. Hence, the switching logic

S, = (sign < Drot _ IL> + 1) /2 @)
Vesp

ensures the SM regimen.
The equivalent control results

S = Vesp 3Pr2CfLESD . ®)
Vie  VEspCrsp Vac

The SM domain, PifLESD/V}gSDCESD < Visp < Vae +

T

P2 Lgsp /Visp Crsp. is always accomplished.

The dynamics during the SM regimen is obtained by substi-
tuting (8) into (1) and is given by

. IS

[, = —— "L

y 1 Prc'
Visp = = ‘i

Cesp  VespCrsp |

The trajectory of the states in SM regimes is illustrated in Fig. 3.
It can be observed that for all positive values of I , its derivative
is negative and for all negative values, its derivative is positive.
Therefore, from all initial conditions, the inductor current con-
verges to the stable equilibrium point I;, = 0. For the super-
capacitor voltage, its derivative is always positive (for positive
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Fig. 3. SM dynamics in constant power.

inductor currents, buck mode) and then Vi gp will increase if the
power reference remains with positive values. This is a charac-
teristic of the system and is independent of the control strategy.
For this reason, a voltage limitation mode is necessary to prevent
the supercapacitor from being damaged, which is explained in
the next section.

In both modes, the switching law is the same whether working
as buck delivering energy to the storage device or working as
boost consuming energy from the storage device. This is because
of an inversion of the sign in the inductor current and reference.

Remark 1: Tt is important to note that the surface remains as
a current surface. The only difference is that the reference is
shaped dynamically.

C. Voltage Limitation

For operative and safety reasons, supercapacitors must oper-
ate within a voltage range limited by upper Vgp and lower
Vigp limits. The upper limit is to protect the integrity of the
supercapacitors. The lower limit is due to the fact that the super-
capacitors cannot store much energy below this voltage and also,
high current references could arise for high power references. To
guarantee that these values are reached smoothly, an additional
sliding surface is proposed, which is applied when Vggp is in
the transition regions R; := {Vesp |Vgsp < Vesp < Vggp +
VA}and Ry = {VESD |VESD — VA < Vgsp < VESD}, where
Va defines the width of the transition regions.

Therefore, when the supercapacitor voltage is in the transition
region R,,, the sliding surface is

Pret(VEsp — Vesp)

S(l;) = — -1, =0
(Iz) (Vesp — Va)Va k

(10)

which verifies the transversality condition since —Vy./Lgsp <
0 holds. In this case, the switching logic is given by

Pret(VEsp — Vesp)
(Vesp — Va)Va

Sw = (sign < — IL> +1)/2. (1D

The equivalent control results

g _ Vesp P2, Lgsp(Vesp — Visp)
e Vae  (Vesp — Va)?VZCrsp Vae

(12)

P;-Qit(VESD —VEsD )LESD
(Vesp —Va )QVAZ Crsp

The

Vac+P2;(Vesp —Vesp)Lesp
(VEesp —Va)?VZCesp

SM  domain is < Visp <

that is always accomplished.

Iy Visp
0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0|
I, 0 Vesp  Vesp
Fig. 4. SM dynamics in voltage limitation mode.

Substituting (12) into (1), the dynamics in the SM regimen
can be obtained

; Pref IL

I =——

(Vesp — Va)Va Crsp
R‘ef

Crsp (Vesp — Va)Va

These expressions can be seen in Fig. 4. It is clear that for all
initial conditions, the current approaches the stable equilibrium
point I;, = 0. In addition the supercapacitor voltage converges
to the final value Vigsp = Vgsp without overpassing the limit,
whereas the inductor current goes to zero smoothly.

In the case of a negative power reference, the ESSC operates in
the boost mode. In this circumstance, when the voltage reaches
the lower transition region R;, a switching law similar to (11)
can be used.

Notice that this operating mode is necessary, first, to avoid dis-
connecting the inductor when nonzero current is flowing through
it, and second, to compensate supercapacitor losses, for exam-
ple, if the system does not absorb energy for a long period of
time.

13)

Vissp = (Vesp — Vesp).

D. Complete Control Strategy

Observing the SM surfaces (2), (6), and (10), it is clear that
the different operation objectives can be fulfilled with the same
switching law

Sy = (sign(Lyes; — 1) +1)/2
with
1) startup
Lies1 = Imax (14)
2) constant power mode
Liets = Pret /VEsD (15)
3) voltage limitation mode (lower limit)
Liets = (WES;DerA)VA(VESD —Vggp)  (16)
4) voltage limitation mode (upper limit)
Lt = =% (Voep —Vesp).  (17)

(Visp — Va)Va
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Fig. 5. Sketch of the proposed control strategy.
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Fig. 6. Representation of sliding surfaces under the different operating modes
and objectives.

For the system startup, the control strategy imposes a constant
current reference. The same surface, but with a negative refer-
ence can be utilized to discharge the supercapacitors. In constant
power stage, the current reference is computed according to the
current supercapacitor voltage in order to provide the amount of
power indicated by the MGCC. Finally, when the supercapaci-
tors reach the lower or upper voltage limits, a transition sliding
surface is used to smoothly lead the inductor current to zero. A
schematic representation of the control strategy is illustrated in
Fig. 5. In Fig. 6, the different operating mode can be seen in the
voltage—current plane.

Remark 2 : In all cases, there exists only one stable equilibrium
point for the inductor current regulation. Therefore, from the
previous analysis it can be concluded that the point is globally
reached.

Remark 3: It is worth mentioning that the grid, the inverter
along with the dc-link capacitor and the controller Kggc are
considered a system that is perturbed by the rest of the system
(ESSC). This consideration is a consequence of the robustness
against variability of the dc-link voltage and the supercapaci-
tor voltage provided by the SM control. Hence, providing that
a correct design of Kggc ensures that the dc-link voltage is
higher than the maximum supercapacitor voltage plus the oper-
ation voltage of the converter (a requirement of dc—dc converter
to work properly), the controller Krgsc will work correctly
(performance and stability) under SM control. This is one of the
advantages of SM control.

IV. EXPERIMENTAL IMPLEMENTATION

The proposed SM control strategy has been implemented in
the setup shown in Fig. 7. The dc-link voltage, Vj., is set at
700 V, the inductance, Lggp, is 4.27 mH and the dc-link ca-
pacitance, Cy., is 2 mF. The dc/dc converter has been imple-

Fig.7. Experimental setup for the implementation of the proposed SM control
strategy. (1) supercapacitor bank, (2) dc/dc converter, (3) GSC, (4) protections,
(5) current prove, and (6) dc link.

TABLE 1
PARAMETER VALUES OF THE SUPERCAPACITOR BANK
Parameter name Value
Absolute Max. voltage, V Espy, 4 x 567 V
Max. operating voltage, V gsp 400 V
Min. operating voltage, V i o 200 vV
Max. output current, Imax 19 A
Max. Peak Current, 1 s (non repetitive), Tmax 200 A
Capacity, Cgsp 1.702 F

mented using insulated-gate bipolar transistors (IGBTs), with
each IGBT rated at 20 A maximum. The firmware has been
written using ANSI-C language, compiled with speed optimiza-
tions, running on a TMS320F2808 DSP.

The GSC shown in Fig. 1 is not the main contribution of
this paper. A detailed explanation of the control algorithm and
the implementation can be found in [12] and [23]. Notice that
the switching frequency of the GSC is 12 kHz, higher than the
maximum switching frequency produced by the SM controller.
Different switching frequencies on both converters helps to re-
duce noise on the sampled signals. This noise is produced by
the electromagnetic interferences between the converters.

The supercapacitor bank is composed of 35 MAXWELL
BMODO0058 E016 BO2 modules of 16.2 V and 58 F each, con-
nected in series. For safety reasons, the bank has a maximum
operating voltage of 400 V and a capacity of 1.7 F. Table I
summarizes the main parameters of the supercapacitor bank.

A. Control Algorithm

The control algorithm implemented in the DSP can be sum-
marized in the following pseudocode.
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while (Vesp < Vpgsp) do
Sw = (sign(lyep1 — Ip) +1)/2

end while

Shutdown=FALSE

while (shutdown=FALSE) do
Read Visp

if Vegsp > VESD — Va) AND (Pref > () then
> Voltage Limitation
Sw = (Sign (Iref4 - IL) + 1)/2
else if (Vesp < Vipsp +Va) AND (P.; < 0) then
> Voltage Limitation
Sw = (sign (Iregs — I1) +1)/2
else if (Vzop < Vesp < VESD) then
> Constant Power
Sw = (sign (Iref2 —1Ir)+ 1)/2
end if

> Startup

if Vesp > Vesp + Va) then > Protection
Shutdown=TRUE

end if

if (Vesp < KESD — Va) then
Shutdown=TRUE
end if

> Protection

end while

For the dc/dc converter in the implementation, the precharge
current [.¢1 is set to 10 A, the maximum operating voltage
VESD to 400 V, the minimum operating voltage Vysp to 200
V and the voltage threshold VA to 15 V. Current references are
computed using (14)—(17).

V. EXPERIMENTAL RESULTS AT FULL RATINGS

Three scenarios were analyzed in order to evaluate the proper
operation of the proposed ESS: the startup, the tracking of sev-
eral power references, and the voltage limitation. For the ex-
periment, the converter was operated at its nominal values to
evaluate the proposed control strategy in a real situation.

Startup: During the startup scenario, the supercapacitors were
precharged at constant current until a minimum operating volt-
age was reached. Fig. 8 shows the current and the voltage in
this scenario. The supercapacitor precharge current set point
was 10 A. It can be seen in Fig. 8 that the controller achieves
a suitable regulation of the current at the desired set point. The
minimum current ripple amplitude is a consequence of the hys-
teresis band used in the SM control, the inductance Lgsp and
the voltage difference between Vgsp and V.. The ripple setting
of the controller (AT) is 3.5 A, shown with dashed lines.

Fig. 9 presents a detail of the current to show the reaching
mode. This is the current trajectory starting from the initial
conditions I;, = 0 to the SM surface S(I,) = 10A — I, = 0.
The current slightly overpasses the hysteresis band as a result
of the limited sampling frequency of the DSP and also measure
noise. From Fig. 9, it is possible to see that the current slope
when S, 1 is closed is much larger than when open. If the current
rises too fast, the DSP is not able to achieve an acute computation
of the switching law (3). The slope of the current depends on

15+ I,.,4f+AI/2 4

250
200 -
150 b

Vesp (V)

50 b

5 10 15 20 25 30
time (s)

Fig. 8. Current I during precharge stage. Dashed lines are the bounds of
the current ripple. The voltage of the supercapacitor bank is raised from 0 V to
Viggp (200 V).

18
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O AR ANARA RN
6F Loy —AIJ2 1
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ok J
0 0 5 1‘0 1 ‘5 26 2‘5 3‘0 3‘5 40
time (ms)
Fig. 9. Detail of the reaching mode during the system startup. Dashed lines

are the bounds of the current ripple.

the voltage difference between the supercapacitors and the dc
link. Therefore, the phenomenon is more noticeable at the initial
state, where the voltage difference between supercapacitors and
the dc link is very high, in this case 700 V. This fast variation
of the current results in a small delay in the detection of the
crossing of the current with the upper limit of the hysteresis
band. This is a limitation of the hardware employed, although
the performance is suitable for the selected application. This
phenomena is evidenced in Fig. 8. When the supercapacitor
voltage approaches the operating values, the current better fits
the desired ripple bands. It is important to note that the startup
stage is not a permanent mode of operation and the performance
achieved is suitable for the discussed application.

Constant Power: The usual operation of the supercapacitors
on the microgrid is to track the power set points given by MGCC.
The power is measured as the product of the supercapacitor
voltage times the current flowing through the inductor Lggp.
By convention, positive power means that the power is being
transferred from the dc link to the supercapacitors, and vice
versa, negative power means that the power is being supplied
to the dc link. The average supercapacitor power is shown in
Fig. 10, as the interest of this application is on the mean value of
the transferred power. Notice that the actual power transferred



696

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 28, NO. 3, SEPTEMBER 2013

T

Average
DC Power (W)

N — O =N W

320
e
g 300 b
S
280 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
2 4 6 8 10 12 14 16 18 20
time (s)
Fig. 10. Extract of most relevant states of the converter during normal oper-

ation. From top to bottom, the measured states are average supercapacitor dc
power, Iy, current, ac current corresponding to phase-a of a tri-phase system,
and the voltage of supercapacitor bank.

to the grid is lower than the supercapacitor power due to power
losses.

The gray line of the I, current in Fig. 10 is the instantaneous
current flowing through the dc inductor, and the black line is
the current reference I,o. It can be seen that I; converges
rapidly to the new SM surface when there is a change in
the power reference. To show that the ac power consumed
or injected to the microgrid is kept constant, Fig. 10 shows
the phase-a ac current during the tracking of six different
power set points, Per, = 0kW, Per, = 3 kW, Per, =
—2kW, Pet, = 2.5 kW, Ber, = —1 kW, and P,er, = 1kW.
As a consequence of the current ripple, the supercapacitor bank
voltage also has a small ripple.

It must be noted that although the SM controller is capable
of an extremely fast transition between sliding surfaces with the
reaching mode, the hardware of the experimental setup cannot
withstand such an abrupt change on the current flowing into
the dc link, resulting in trips of the protections. For this rea-
son, the transition between different power set points has been
implemented with a ramp. The transition is fast and presents
no overshoot. The tracking error is zero since the SM control
strategy ensures zero steady-state error.

A close lookup of the ac and dc currents of the converter
are shown in Fig. 11. The current I;, presents a constant ripple
imposed by the hysteresis band of the SM controller. The min-
imum current ripple and maximum switching frequency are a
consequence of the dc inductance Lggp, the voltage difference
between the Vgsp and Vi, and the sampling frequency of the
controller. For this experimental setup, the average current rip-
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Fig. 11. Detail of the phase-a ac current and the dc I, current during a sign
change in the power flow.
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Fig. 12.  Detail of the current I, and voltage Vgsp during the voltage limita-
tion mode.

ple is about 15% of the current limit and the switching frequency
varies form 8—11 kHz during normal operation. If lower ripple
or higher frequency are required, some of the aforementioned
parameters should be improved.

Voltage Limitation: The sliding surface defined in (10) is
responsible for driving Vgsp to VESD smoothly and with no
overshoot. The results of the implementation of the surface are
shown in Fig. 12. The supercapacitor voltage Vigp is kept at
400 V (Vgp) in this experiment, guaranteeing the integrity of
the supercapacitor bank. The voltage is kept constant at Vigp,
maintaining the supercapacitors at the desired capacity until a
negative power reference is received from the MGCC. Upon the
reception of the discharge command, the controller reenters in
the constant power stage, starting a new cycle.

VI. CONCLUSION

A new control strategy for a bidirectional dc/dc converter to
control the power exchange between a supercapacitor bank and
a grid-connected microgrid was presented. The proposed strat-
egy is based on a unique SM surface, which is able to cover all
the operating conditions, even the startup of the supercapacitor
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bank. Different current references, depending on the particu-
lar objective, were used to produce a commanding law for the
switching devices. The proposed control is simple to imple-
ment in the DSPs commonly used in power converters and also
ensures proper operation in different conditions, even under
changes in the system parameters. Also, as the whole strategy
is based on SM techniques, no slope compensation is needed
for duty cycles above 50% as is required in the fixed frequency
current mode control. The proper operation and robustness were
experimentally corroborated. Several scenarios covering all op-
erating conditions, including the startup and extreme situations
in which the supercapacitor reaches the maximum voltage, were
analyzed. These results show that the proposed control strategy
exhibits a suitable performance even in the presence of ad-
verse conditions. Some hardware limitations can affect the sys-
tem performance (ripple levels), especially during the startup.
These limitations can be circumvented by increasing the induc-
tor and using a more powerful ADC/DSP. This is a limitation
of the laboratory hardware that can be avoided with nonexpen-
sive modifications in the equipment. Nevertheless, in microgrid
applications, such improvement in the ripple level might not be
necessary.
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