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Droop k-sharing Function for Energy
Management of DC Microgrids

Guilherme H. F. Fuzato, Member, IEEE, Cassius R. de Aguiar, Thales A. Fagundes, Wagner C. Leal, Juan
Vasquez, Senior Member, IEEE, Josep M. Guerrero, Fellow Member, IEEE, and Ricardo Q. Machado,
Senior Member, IEEE

Abstract—Slow dynamic response sources, such as fuel
cells, are frequently used with faster units, such as batter-
ies and ultra-capacitors. In this context, this paper gathers
the advantages of two energy management techniques to
propose the droop k-sharing function. In droop control, the
energy management is easily implemented using the virtual
resistances concept, eliminating the need of fast commu-
nication links between the sources. The k-sharing func-
tion improves the performance of microgrids with slower
sources assigning a pre-established dynamic behavior us-
ing a low-pass filter, while the storage unit absorbs the
fast transients. Additionally, the k-sharing function also
enables the storage unit to share power at steady-state.
Therefore, the main advantage of the proposed energy
management algorithm is that the control loops of each
power source are not coupled to each other, which is
accomplished by designing the k-sharing function similarly
to the droop technique, eliminating the need of high-speed
links of communication and improving the microgrid speed
response during fast changes of load. The effectiveness
of the proposed function and the theoretical analysis are
evaluated using a DC microgrid composed by a H-1000 fuel
cell manufactured by Horizon Fuel Cells and three Zippy
Compact 5000 25C Li-lon batteries in series connection.

Index Terms—Energy Management, DC-DC Power Con-
version, Fuel Cells, Batteries.

[. INTRODUCTION

N DC microgrids, the ability to suppress the effects of load

variations is related with the dynamic response of the power
sources connected to the DC-link. If the dynamic response
of the sources does not match with the dynamic response
of the loads, the microgrid may exhibit undesirable power
quality behaviors, such as long-term voltage dips and voltage
fluctuations. In this context, several algorithms suggest the use
of batteries or ultra-capacitors to mitigate the slow dynamic
response of sources such as fuel cells [1]-[5].
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In fuel cells, when a step of load is applied, the sudden
current increase can activate the system protection due to the
low voltage cell, if the drained oxygen or hydrogen cannot
be replenished immediately or sufficiently. This phenomena is
referred as cell starvation, and can lead the system to stall,
permanent cell damage or reduce the cell lifetime [6], [7].

Another important aspect in microgrids is to determine how
much power each source delivers to the DC-link as the power
demanded by the load changes. In this context, according to
[8], the energy management algorithms can be divided in two
main branches: methods based on droop methods and Active
Current Sharing (ACS) methods. The droop methods can be
easily implemented by using the concept of a virtual negative
resistance.

In DC microgrids, the virtual negative resistance establishes
a relationship between the DC-link voltage and current in-
jected by each DC-DC converter, hence, as the DC-link voltage
drops due to the load connection, the current injected by the
DC-DC converter increases. The main disadvantage of this
method is that the DC-link voltage exhibit a poor regulation,
on the other hand, this feature eliminates the need for a high-
speed link of communication between the DC-DC converters
[9], [10]. According to [11], the main ACS methods are the
master-slave conﬁguration, common duty-ratio control, current
control, sensorless current control, and cross-feedback control.
In master-slave configuration, the master DC-DC converter
controls the DC-link voltage, while the other converters try
to synchronize their currents with the master converter [12].

In the duty-ratio control, the same duty-cycle is applied to
all DC-DC converter modules [13], however, it should be noted
that the current sharing of the input current or the load current
cannot be achieved with accuracy, due to the differences of the
individual modules. A higher accuracy in the current shared
between the DC-DC converter modules is accomplished in
the current control methods by using techniques such as peak
current mode control, charge current mode control and average
current mode control [14], [15]. In the sensorless current
control presented in [16], a constant duty-cycle perturbation is
used to estimate the parameter mismatch between the modules.
The mismatch estimation is used to calculate the required duty-
cycle compensation with the aim to equalize the output current.
In addition, in the cross-feedback control [17], the current of
each module is used in the control loop of the other modules
to generate the duty-cycle of each module.

Finally, in [4], the k-sharing function is implemented using
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an ACS method by controlling the DC-link voltage using a
constant voltage reference and a Proportional-Integral (PI)
voltage controller. An important feature of this function is
the ability to suppress fast transients in microgrids with slow
dynamic sources, such as fuel cells, using fast dynamic storage
devices. Despite of using a PI controller in the DC voltage
control loop, which requires a high-speed communication link
between the two sources, the k-sharing function, implemented
in [4] still produced a small steady-state deviation of the
DC-link voltage (1.4%), which depends on the adjustment
of the k-sharing function parameters. Additionally, in [4], the
k-sharing function only allows the storage devices to inject
power in steady-state in the microgrid if the fuel cell reached
the maximum power.

A common aspect of the ACS control methods is that the
control structure for all DC-DC converters are implemented
in the same processor or it is used a high-speed link of
communication between the modules to implement the control
loops. In this context, there is a lack of techniques in the
literature that are designed to mitigate the fast transients of
load in microgrids with slow sources, such as fuel cells,
without the need to implement the control loops in a single
processor or to use high-speed communication links between
the power sources. Therefore, in this paper, it is proposed the
droop k-sharing technique. This technique was designed by
gathering the best features of the k-sharing function proposed
in [4] with the droop technique.

The main advantage of the droop k-sharing technique is that
the storage device can be designed to absorb the transients
and share power at steady-state with the other sources in the
microgrid without the need of a high-speed link of commu-
nication between them. Besides of increasing the microgrid
maximum available power, the ability to share power at steady-
state improves the flexibility for designing energy management
algorithms in higher hierarchical levels, where it can be
considered other variables such as, hydrogen cost, fuel cell
warm up, State of Charge of the batteries and additional
variables with the inclusion of more sources in the microgrid
(charging batteries using photovoltaic modules for example).

Additionally, in [4], the k-sharing function is designed in a
more complex way, because the gain (k,s) must be adjusted to
mitigate the DC-link voltage steady-state error and to improve
the speed response of the k-sharing function. In the droop k-
sharing technique, the k-sharing function (k) is designed as
simple as the droop controller. In this context, the design of
the droop controllers and k5 function can also be accomplished
using a graphical approach, as usually performed for droop
controllers. Since the droop k-sharing technique is a nonlinear
control technique, besides of the fact that all DC-DC converter
have a nonlinear behavior, it is important to evaluate the stabil-
ity of the microgrid considering the interaction of the DC-DC
converter modules with the designed control structures.

This paper is organized as follows. In section II, the droop
k-sharing concept is introduced, while section III describes the
physical structure and the control scheme. In section IV, the
closed loop of each power source is analyzed with the aim
to produce the full closed loop microgrid model presented
in section V. To validate the effectiveness of the proposed

solution, in section VI we accomplish the analysis of stability
and compare the simulations with a set of experimental results.
Finally, section VII outlines the conclusions and final remarks.

Il. DROOP k-SHARING

The fuel cell slow dynamic response is related, mainly, to
the cell starvation, but is also associated with the double charge
effect and to the time that the reaction takes to reach a new
equilibrium state [6], [7], [18]. Since this phenomenon presents
a nonlinear behavior and depends on other physical variables,
such as temperature, membrane humidity and others, it is
difficult to model the dynamic response with a high accuracy.

With these arguments in mind, a common strategy among
the control methods for fuel cells consists on associating a pre-
established dynamic response to the fuel cell using a low-pass
filter. The time constant of this filter is designed to operate
with a cutoff frequency lower than the fuel cell time response.
To mitigate the negative effects on the microgrid stability of
this low-pass filter, as well as the inherent slow response of the
fuel cell, it is used a storage system capable to deliver power
at a higher speed [1]-[4]. For this purpose, in this paper, a
Li-Ion battery stack is used.

Considering the arguments presented in the previous para-
graphs, in the fuel cell control structure, the droop reference
idroop_fc 18 associated with a first-order low-pass filter nq(s)
with a pre-established time constant 7:

na(s) = 1

sT+1

Since the goal is to associate a pre-established dynamic
response to the fuel cell, a first-order low-pass filter is chosen
with the aim to minimize the computational cost in the
experimental implementation. With the inclusion of this filter,
the current reference ,of f. slowly moves to the steady-state
value of iaroop_fe (Zdroop_tc) after a step of load is applied on
the DC-link:

(D

Z-Jref_fc (3) = idroop_fc (S) nq (5) (2)

Therefore, using the final value theorem, the fuel cell current
reference at steady-state (I ef ¢.) is defined by:

s 1

Iref_fc = lim Idroop_fcf
s—0

S —— 3
ssT+1 droop_fc ( )

To ensure the stability of the DC microgrid, the comple-
mentary frequency spectrum is assigned to the battery stack
(1 = nq(s)). In this case, during a step of load, the fuel cell
(%in_fc) and battery (iin_pat) terminal currents, which are the
input currents of the DC-DC converters, would present the
behavior illustrated in figure l.a. In this figure, the battery
absorbs the high frequency spectrum transients during the
load steps (ig, ), but the steady-state current is null, because,
applying the final value theorem in Zef pat, the steady-state
current reference lyef pat 1S null:

. s 1
Iref_bat = lg% Idroop_fc; (1 - ST+ 1)

= Idroop_fc (1 - ]-) =0

“4)

2687-9735 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 22,2021 at 09:36:10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTIE.2021.3074889, IEEE Journal

of Emerging and Selected Topics in Industrial Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS

|R0
—»
t;
(a)
i iRO
—»
t=
(b)

Fig. 1. Fuel cell and battery currents with a load step using the k-sharing
function (a) ks = 1 (b) 0 < kg < 1.

where Iqro0p_tc represents the steady-state droop current ref-
erence.

With the aim to make the battery stack able to inject
power at steady-state, the k-sharing function (k) is added in
the battery control structure. According to [4], the k-sharing
function work as a adaptive function, which changes according
to the DC-link voltage value. This algorithm is introduced
in the battery control scheme by multiplying the k-sharing
function to the nq(s) filter:

Z-ref_bza»t (S) = Z.droop_fc (5) [1 - ksnd <S>] (5)

With the inclusion of the k-sharing function, the steady-state
current reference for the battery (Iief pat) is:

s ks
Ire at = lim I, roop_fc 1-
f_bat sl—I>r(l)d p‘fs< 57'+1>
= Idroop_fc (1 - kb)

Considering the result of (6), for the k-sharing function in
the interval of 1 > kg > 0, the battery current reference
at steady-state would be between 0 < et bat < Ldroop_fe-
Consequently, as illustrated in figure 1.b, with the k-sharing
function, the battery not only absorbs the high frequency
spectrum during the transients, but also share the power
injected at steady-state with the fuel cell.

It is important to notice that an relevant feature of this
method is that the control loops of the battery and fuel cell
are not coupled with each other, the only link between the two
systems is the DC-link voltage. Also, the k-sharing function
can be designed as simple as a droop algorithm, since k-
sharing function also depends on the DC-link voltage.

(6)

I1l. SYSTEM DESCRIPTION

The DC microgrid used to validate the control algorithm
and stability analysis proposed in this paper is presented in
figure 2. In this figure, each source is connected to the DC-
link using a DC-DC converter, while a three-phase inverter in
islanded operation is used as load connected to the DC-link.

D, Vea fey

¢ !I
D4 ICZ fc
! lD3| ”Cl fc

N D, -Veift
Vo_fc {:Tch{_'T
- —||— B

lg roop_fc i ref_fc

PN FC P! Current [J{ €%
o O:

+ el?f‘ Bat PI Current)§
Q_ Controller [
t

Iin_bat

neutral node.

Fig. 2. Microgrid scheme.

Each source requires a DC-DC converter structure designed
considering the input voltage and current characteristics. For
the Li-Ion battery with a vy, terminal voltage, it is used a
buck-boost bidirectional converter. This converter has a input
capacitor Cj pat With voltage vci pat and a inductor Lypat
that is connected to a pair of IGBTs (T1pat and Topat). The
transistors are switched using a synchronous modulation, i.e.
when Tiy,t is closed, Topat is open; when Tipa¢ is open,
Topat s closed. In this case, the direction of the current 41, pas
depends mainly on the input voltage (vpat), output voltage
(Vo_bat) and duty-cycle (kpat)-

For the fuel cell, with a terminal voltage of v¢., as men-
tioned in [19], it is recommended to use a DC-DC converter
with a high voltage gain and able to process a high input
current. Therefore, it is used a Interleaved Boost with Voltage
Multiplier (IBVM) converter, which consists of an interleaved
boost converter with two phases switched 180° apart from each
other, with a voltage multiplier cell connected in series. The
source is connected to the input capacitor C;_¢. with voltage
vci_te and inductors of the two phases L ¢, Lo g with current
1L1_fc» 1.2_fc- 10 achieve a higher voltage gain, the MOSFETSs
(T1igc and Tog.) are switched with a duty-cycle above 50%.
In series with the boost interleaved structure, it is connected
a voltage doubler with four diodes (D, D2, D3 and D)

2687-9735 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on April 22,2021 at 09:36:10 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JESTIE.2021.3074889, IEEE Journal

of Emerging and Selected Topics in Industrial Electronics

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS

and two capacitors (C_g. and Cy_g.) with voltages vy g and
VC2_fe-

The DC-link, where the DC-DC converters and inverter are
connected, has an equivalent capacitance C, with a voltage
vco- The three-phase bridge inverter used as load is imple-
mented using a LC filter (L¢, Ct and Rf) with a local AC
resistive load R; that is switched using steps of load. In the
dynamic model, the inverter is modeled as a DC resistance R,
with a DC current ig_.

Regarding the control structure, in both DC-DC converters,
the inner loop controls the input current while the outer loop
is responsible for the energy management control strategy. In
the fuel cell control structure, the inner loop is implemented
by measuring the input current ¢;,, ¢ and comparing it with the
current reference 7ot . The error (ég;) is used as input of the
fuel cell PI controller, which generates the duty-cycle k. for
the pair of MOSFETs. In the outer loop, the DC-link voltage
(Vo_te = Vco) is the input of the droop controller. Finally, the
current reference (iref sc) is generated by using the low-pass
filter n4(s) in the droop controller output current idroop_fc. a5
shown in (2).

For the battery control structure, the inner loop is imple-
mented identically to the fuel cell current control loop. The
battery input current i pat 1S measured and compared with
the current reference iref bat, Which generates the error €pqs
that is used in the PI controller to switch the IGBTs with
a duty-cycle kp,i. In the outer loop, the DC-link voltage
(Vo_bat = VCo) 1s measured and used in the droop controller to
generate the droop reference iqroop_fc. As presented in (5), the
battery current control loop is designed for the complementary
spectrum of frequency, therefore, the variable iqroop e 1S
subtracted by %droop_fof2d(S)ks = ind batks to generate the
current reference iye pat. The k-sharing function kg is included
in the outer control loop as a adaptive gain by measuring the
DC-link voltage.

IV. CLOSED LoorP MODEL

In this section, the fuel cell and the storage systems are
modelled considering the closed loop equations. In both cases,
there are two main control loops, the inner control loop
regulates the input current, while the outer loop is associated
with the energy management strategy. The energy management
strategy is accomplished using the droop technique and the
droop k-sharing function, which uses the DC-link voltage
measurement. In addition, the difference between the fuel cell
and battery control schemes are associated with the k-sharing
function, i.e. the fuel cell is designed to absorb the slow part
of the transients, while the battery absorbs the fast part of the
transients.

A. Fuel Cell Closed Loop Model

Figure 3 presents the fuel cell control scheme. In this control
structure, the plant is the average model IBVM converter (7),
which was modeled and analyzed in [19]-[21]. The model (7)
derives from the generic state-space average model presented
in appendix A.

According to figure 3 and (7), the manipulated variable for
the IBVM converter average model is the duty-cycle k., while
the output vector (y) contains the IBVM input current (i, _¢.)
and the output voltage (vo_gc).

Tt = (Ageo + ke Asek) Tre + (Breo + ke Biek) Use

A B
iinifc:| _ |:Cfc0i + ke Crei ] = {Dﬁxua + kchfcki:| - @)

Yse = |:'U0Jc Creov + ke Creky Doy + ke Diciey

Cic Dy

where the state-space variables are defined as follows: xg, =
[VCife iL1fe iL2.fc VClfe VC2_fe UCo_fc]Ts Ufe = Vfe,
Asc = 2A501 — Ager — Ageq and Ageg = —Ager + Ageo+ Aty
considering that Ag.; = Ages, Ageo, Ates = Agc1, Agcq are
the state matrices for each switching interval, i.e., Tt and To¢.
closed (Agc1), Tic open and Toy. closed (Agco), Tt and Tog.
closed (Agcs), Thte closed and Tog. open (Agcy), respectively.
These equations are also apllied to the matrices By, C't., Dsx..

Iref fc + éfC |

—ﬁg_[

N — -

dic

Fig. 3. Fuel cell control scheme.

The DC-DC converter input current is measured using a
sensor of gain [; and compared with the reference iref fc
generated by the outer loop. The error é¢. is used as input
of the PI controller with a proportional gain %, ¢ and integral
gain k;_¢.. In the outer loop, the output voltage is measured by
a sensor of gain H,. The measurement signal is used in the
droop controller shown in figure 3, which corresponds to (8)
saturated in the fuel cell maximum current. As mentioned in
the section II, the fuel cell control loop is designed to absorb
the current low frequencies during transients, therefore, the
current reference ¢ f. is generated from the droop controller
output using a low-pass filter n4(s).

_17 Voffcfmax < Vo_fc
afcvochv + bfc~, Vojc?min < Vo_fc S Vojcfmax (8)
1> Vo_fc S Vojcfm'm

idroopﬁfc =

1

e — n
Vo_te_min—Vo_tc_0 and

where the coefficients are defined as a¢. =

bre = p——rist— with H, = 1.
The fuel cell droop controller igyoop_fc = tcVo_tcHy + e 1S
represented by the continuous blue line in figure 5. Although

the fuel cell is an unidirectional source, the per-unit (p.u.)
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current reference is in the range of -1.0 p.u. (V5 e max) to
1.0 p.u. (Vo_fe_min), With 0.0 p.u. in V;, ¢ o. Since the droop
controller iq,o0p_fc is the same for the battery and the fuel
cell, the negative part of iq;o0p_fc 1S Only used in the battery
control loop. Therefore, the fuel cell does not inject current
in the point of common coupling if the DC-link voltage is
higher than V,, ¢ ¢ (zero droop current reference), while the
maximum current drawn from the fuel cell occurs for DC-link
voltages lower than V, o min.

To apply the Lyapunov’s Indirect Method in the stability
analysis, the microgrid model must be continuously differen-
tiable. However, the droop controller is abruptly limited from
-1.0 p.u. to 1.0 p.u., which is in fact the composition of three
different functions, one for voltages higher than V, ¢ max,
one for voltages lower than V,,  min and one function for
voltages between Vg fc min and V, s max. Hence, the droop
controller is approximated by the sigmoid function (9), which
is represented by the dashed blue line in figure 5. Where the
slope of the curve is mostly associated with the constant o
and the curve translation is related with V;, ¢ o.

2
1 + e_afc(vo_chv_Vo_fc_O)

€))

Z'droop_fc =1-

As the plant and controllers are now continuously differen-
tiable, using the control scheme presented in figure 3, the plant
model (7) and the droop controller sigmoid approximation (9),
the closed loop model (10) is obtained. In this model, there
is a differential equation for the physical storage components
(inductors and capacitors) and the control loop storage ele-
ments (integrators). The first line of (10) is associated with
the IBVM storage components, which is obtained from the (7)
state variables (@.). The second line of the (10) is related to
the integrator in the PI controller, and it is obtained by equating
the error variable in the current control loop (é¢.). Finally, the
last line of (10) derives from the filter nq (s). Since the droop
controller is designed using a per-unit reference (idroop_fc), i
i’ref_fc equation, the droop reference is multiplied by the fuel
cell maximum current Jgc pax.

$fc = (Afc() + kchfck) T + (ch() + kchfck) Ufc
€fc = lref_fc — Hilin_fc
< 1 . .
lref_fc = T [Ifc_maxldroop_fc - Zref_fc]

where kg = kp_scéc + ki_fcesc is the IBVM duty-cycle.

(10)

B. Storage closed loop model

In contrast to the fuel cell control scheme, in the battery
control scheme presented in figure 4, the k-sharing function
(ks) is associated with the droop controller with the aim to
control the amount of power injected by the battery in the
point of common coupling during the steady-state.

In a similar way to the fuel cell control scheme, the inner
loop in figure 4 is responsible to control the input current of
the buck-boost bidirectional converter. For this purpose, the
battery current %in_pat 1S measured using a sensor of gain Hj
and compared with the current reference iyef hat- The error
generated by this comparison ép, is used as input of the
PI controller with a proportional gain £, 1.¢ and an integral

|ref_bat -

k |

S L -

Ky ks
1 XbatzAbatXbat"' Bbatubat
1

-4 nd e t| toat ™ : ybat:CbatXbat+Dbatubat

H | #bat

1 in_bat

I
+ |
T

Ags

]
)
1 i
Hoi b o ac
4-(? s i Dis k-sharing}
PRt PR : )\ s H,

|
|
|
|
|
|
|
|
|
|

\_?'7 e

+ ‘Vo_bat
Df. Droop FC

Idroop_fc

i
Fig. 4. Battery control scheme.

gain ki pat. The output of the PI controller is defined as the
duty-cycle of the battery DC-DC converter ky,¢, which is the
input of the average bidirectional buck-boost converter model,
represented by the non-linear state-space model (11). The
model (11) also derives from the generic state-space average
model presented in appendix A.

Tpat = (Abato + kbat Abatk) That + (Bbato + Kbat Bhatk) Ubat

Apat By
[im,bac] _ [Cbatm + k’batcbatki] P {Dbatﬂi + k’batDbacki} - (11)

Vo_bat Chatov + kbat Chatky Dhatov + Ekvat Doatky
Chat Dyt
. T
where @hat = [UCibat iL_bat UCo_bat] » Ubat = Ubat,

Apatk = Apart — Aparz and Apaio = Apag2, considering
that Ap.e1 and Apaeo are the state matrices for the swithcing
interval where Tiy,¢ is closed and Thy,t is open, Tipat 1S
open and Ty, is closed, respectively. This modelling process
is also applied to the average matrices By,g, Cpaty and Dhy,y.

The energy management strategy for the battery, also imple-
mented in the outer control loop, is performed by measuring
the DC-DC converter output voltage v, nat With a sensor of
gain H, and using this signal as input of the k-sharing and
droop controllers. The droop controller is the same as used
for the fuel cell, with the exception that, in this case, the
droop current per-unit reference (idroop_fc) is multiplied by
the battery maximum current Ihat max-

Both curves, k-sharing and droop are presented in figure 5.
The k-sharing curve, in continuous green line, derives from
the following set of linear equations limited at 1 > ks > 0:

Oa Vo,fc,max < Vo_bat
k. = _'UofbatHvaks + bst: %J'c70 < Vo_bat S ‘/offcfmax 12
s H. b Ve i <V (12)
Vo_batd1vaks + Oks1, o_fc_min < Vo_bat < Vo_fc_0
07 Vo_bat S ‘/offcfmin

where V5 fc min» Vo_fc_max and V; ¢ o are constant values
defined by the designer and are associated with the minimum,
maximum and middle DC-link voltage, respectively. Also, the

. 1 _

coef‘l;lments are defined by ays Ve Vo bs1 =
o_fc_min 1 —

Vo_fc_xnin_vo_fc_() Wlth HV - 1.

Vo_fc_max

and bygso =
ks2 Vo_fc_O - Vo_fc_min
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Fig. 5. Droop controller and k-sharing curves for the management
control loop.

The continuously differentiable approximation for ks func-
tion is performed using the sigmoid function (13).

2
(H\'vo bat ~Vo_fc 0)
ﬁks2

ks = ﬁksl €
where Sy, defines the maximum value of kg, (x_, defines the
slope of the k-sharing curve and V,, ¢ ¢ is associated with the
translation of the sigmoid function.

The microgrid operation, based on the designed curves pre-
sented in figure 5, can be described considering four different
layers of operation. In the first, the DC-link voltage is above
Vo_fc_max and the microgrid absorbs the excess of power in the
DC-link. According to (6), in this layer, the battery absorbs the
maximum current Iyef pat = —1(1 — 0) = —1 p.u., while the
fuel cell current at steady-state is null. In the second layer, if
the DC-link voltage drops to a voltage higher then V, . ¢ and
lower than V,, ¢c_max, the fuel cell current remains null, while
the current absorbed by the battery increases from Iief bat =
—1 p.u. in Vg g max t0 Ief pat = —1(1 — 1) = 0 p.u. in
Vo_fc_O-

In the third layer, as the load connected in the DC-link
increases, the DC-link voltages drops bellow Vj, ¢ ¢. In this
case, using (3), the fuel cell starts injecting power in the DC-
link with input current reference that goes from Iyt sc = 0 p.u.
in V, g 0 t0 Lier e = 1 p.u. in V4, g min, While the battery
shares the injected power with a current reference of Iyt bat =
0 p.u. t0 Iref bat = 1(1—0) = 1 p.u. In the last layer, the DC-
link voltage drops bellow V, ¢ min, therefore, both sources
try to inject the maximum current with the aim to avoid the
DC-link collapse by using the references Ircr ¢ = 1 p.u. and
Ircf_bat =1 p-u.

Using the DC-DC converter average model (11) and the kg
sigmoid approximation (13), the set of differential equations
(14) that represents the battery closed loop system, according
to figure 4, is obtained. The first equation comprehends the
dynamic behavior of the storage components in the DC-DC
converter circuit (&p,4 ), while the second equation is related to
the integrator part of the PI controller (épat), which computes
the error used as input of the inner loop controller. The last
equation models the dynamic behavior of the nq(s) filter using
the integration variable inq_pat.,

13)

(14)

ébat = 74’droopjc - ind,batks - Hiiin,bat

Zpat = (Abato + kbat Abatk) That + (Abato + Kbat Abatk) Ubat
. _ 1 T . .
Ind_bat = T [ bat_max?droop_fc — Lnd,bat}

where Kpat = Ep_bat€bat + Ki_batCpat 15 the duty-cycle of the
bidirectional buck-boost converter.

V. FuLL MICROGRID MODEL

In this section, the closed loop models obtained in section
IV are coupled to obtain a full microgrid model. The models
are coupled using the DC-link capacitor differential equation,
and, to simplify the coupling process, the parasitic resistances
of the output capacitor of both DC-DC converters are not
considered. Therefore, it is possible to assume that the DC-link
VOltage is voo = VUCo_bat = VCo_fc = Vo_bat = Vo_fc-

Also, to eliminate the superposition in the DC-link capacitor
differential equation during the coupling process, the load
term is decreased by (— ;fc‘)o ) , which leads to the full
microgrid state-space average nonlinear model (15) with fuel
cell and battery connected to the DC-link using a IBVM and
bidirectional buck-boost, respectively.

VI. RESULTS

This section presents the simulation and experimental re-
sults using a DC microgrid composed by a fuel cell and
battery. The fuel cell used is the H-1000 by the manufacturer
fuel cell Technologies, with 48 cells in series connection,
which results in a maximum power of 1kW (28.8V; 35 A).
Regarding the batteries, three modules of Zippy Compact 5000
25C in series connection were used. Each module is composed
by 6 Li-Ion cells in series connection, resulting in an output
voltage of 22.2V per module.

The simulation results were obtained by solving the mi-
crogrid closed loop model (15) using the ode23tb solver
implemented in a Matlab script. The sources were considered
constant at v, = 28.8V and wvp,y = 66.6 V. Where 28.8V
is the fuel cell voltage at maximum power presented in the
datasheet and 66.6V results from the rated voltage of the
series connection of three Li-lon modules.

For the load in the DC microgrid, it was used a SEMIKRON
inverter module connecting the DC-link to an AC resistive
local load. The AC local load is connected to the SEMIKRON
module through a LC filter, and the inverter delivers a constant
voltage of 63.6 V RMS to the load. The LC filter has a 2.0 mH
three phase inductor connected to the inverter terminals. After
the inductor, a three phase capacitor of 10.0 uF with a series
resistance of 10.0(2 is star-connected in the point where the
AC loads are connected.

Table I presents the parameters used for both DC-DC
converters, which were obtained by the components used
in the experimental setup. This table presents the IBVM
converter parasitic resistances of the inductors 71,1 _fc = 712 _fc.
voltage multiplier capacitors 7ci1 f¢ = Tc2_fe. diodes of the
voltage multiplier cell rp; = rpe2 = rp3 = Tp4, transistors
TTy;. = TTae» INPUL capacitor rcj e, output capacitor rco_fe
and input resistance of the converter r; s, according to the
model presented in [19], [21].

The same procedure to obtain the IBVM dynamic model
was applied to the buck-boost bidirectional converter, there-
fore, table I also includes the parasitic resistances of the in-
ductor 71,_pat, input capacitor rc;i_pat, OUtpUt CAPaCItor r'Co_bats
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(1:5,1:5) (1:5,1:5)

(Afco + ko Ay, ) Tt + (Bﬁclés‘l:w + kchﬁclﬁs’lts)) Ue

. (1:5) Z‘refﬁfc - Hiiinifc

1 . .
a’-f(‘, T [Ifcfmaxzdronpifc - Zr(=,f7f(‘,}

ér. (1:2,1:3) (1:2,1:3) (1:2,1:3) (1:2,1:3)

, e (AbatO + Fvat g That + ( Bpagg T Fbat By Ubat
tref_fc . . .

Al(1:2) _ tdroop_fc — 7fndj)atks - Hilinihat (15)
X - 1 - .

‘bat T [Ibat,maderoop,fc - 7fud,bat]

€bat T 3,1:3 3,1:3
i That AEmtO : + kbafAEmtk )
tnd_bat (6,1:6) (6,1:6) + ...

. Lfe i . L

VCo fe Ach + kchfck

T 3,1:: 3,1:3
|:’u/bat:| Bﬁi.tloj)l + kbatBl(;tlk_j) B <7 veo )
Uge Bg)olﬁ) + kaBg)];l:()) R,Cy

transistors rp,, . = rT,,., and input resistance of the converter ~A. Microgrid stability
Ti_bat- Additionally, the total output capacitance, resulted by

- . 3 To apply the Lyapunov’s Indirect Method, the first step
the connection of the DC-DC converters in the point of

to find the microgrid eigenvalues consists on finding the

common coupling is Co = 1,360pF, also, the switching oo yilibrium point of (15). Then, the model is shifted to this
frequency used for all the transistors in the experimental setup point and the linearization is applied to find the eigenvalues
is 12kHz. that are associated with the stability around the equilibrium
point. Using this approach, figure 6 presents the real part of the
TABLE | three dominant eigenvalues (Re [A1, A2, A3]) of (15) for loads
DC-DC CONVERTERS PARAMETERS. varying from 5.2 W to 863.8 W. This figure also presents the
IBVM Bidirectional Buck-Boost steady-state values in the equilibrium points for the sources’
Parameters Values Parameters Values currents (%in_fe, tin_pat) and DC-link voltage (vco).

Ly gc = Lo £ 870 uH Lyat 10mH Since the k-sharing was designed as presented in figure 4,
TL1fo = 712 _fo 34.8mQ "1 bat 226m2 o5 the load increases, the steady-state values of both currents

Ci_te = Co_fc 1uF i_bat 470 pF ) , .
L fe = TCafe 29 mQ TCibat 33 me (4in_fc, tin_bat) increase. Around 863 W of load, the fuel cell
D1 =TD2 =TD3 =Tp4a  53m} TCo_bat 11m& and battery currents are limited to 20 A and 5 A respectively,
rTlch:frT%c i%’:&} - ri—:ba;T 302%‘8 therefore, further increase of load leads to a DC-link collapse.
Tcli'_fcc 33 mQ 1hat 2bat Moreover, it is important to notice that the real part of the
TCo_fc 11 mé? dominant eigenvalues in figure 6 are negative, for the tested

Ti_fc 5m

range of load. Consequently, the microgrid is exponentially
stable for the tested range of load.
Table II presents the parameters used in the control scheme.

The first four parameters concern the PI current controllers or
used for both DC-DC converters, which were designed using -10f —_—
the procedure described in [21] with phase margins and cutoff &
frequencies of 87.30° and 1.12kHz for the fuel cell PI current < 2°[
controller and 74.73° and 1.00 kHz for the battery PI current g 30/
controller. This table also presents the current limits ¢ max 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
and Ipat max assigned to the fuel cell and battery, respectively. "0 100 200 300 400 500 600 700 800 900
Additionally, table II also includes the voltages V; fc min,
Vo_fc_o and V;, g max ,Which are associated with the DC-link 30, /1250
voltage range that the droop and k-sharing controllers were < v \
designed to operate, as shown in figure 5. Finally, the last g‘zo’ | <
three parameters in this table are used for the droop and k- = 112907
sharing curves approximations presented in (9) and (13). é 107 N lin e~ / >
- in_fc
0 ‘ ‘ ‘ ‘ ‘ 150
TABLE Il 0 100 200 300 400 500 600 700 800 900
CONTROL SCHEME PARAMETERS. Load (Watt)
Parameters  Values  Parameters  Values Fig. 6. Three dominant eigenvalues, fuel cell and battery currents
and DC-link voltage at steady-state for the load varying from 5.2 W to
Fp_fe 00256 Vo femin 240V ; . :
ki 1o 77689 Vit o 245V 863.8 W with ks according to figure 5.
kp_bat 0.2916 Vo_tc_max 250V
Ei bat 18.227 Qfe 0.5391
Ite max  20.00A Breos 0.9579 ,
That_max 5.00 A Brc 2.995 B. Experimental results
H, = H; 1.00

The experimental results presented in this section are com-
pared with the simulations using the solver ode23tb with the
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DC microgrid model (15). It is important to highlight that
the experimental results were obtained using the set of linear
equations represented by the continuous lines illustrated in
figure 5, while the simulations were obtained using the same
model used for the stability analysis, i.e. they were performed
using the sigmoid approximations represented by the dashed
lines in figure 5.

In figure 7, the experimental results are represented by
the continuous line, while the simulations using ode23tb are
shown in dashed lines. An additional plot concerning the
model accuracy was included in figure 7. In this case, the
accuracy is measured using the Normalized Absolute Error in
p.u., which is the absolute value of the difference between
the simulation and experimental result divided by the rated
value. The rated values for %iy_fc, %in_bat and vc, are defined
as Jt max = 20.00 A, Ihat max = 5.00A and V, ¢ o =245V,
respectively.

Still in figure 7, since the k-sharing function was designed
according to figure 5, the battery shares the power injected
in the DC-link at steady-state and absorbs the fast transients
of current. In this test, the load demand changes using the
following steps of load: 252.6 W, 490.0 W and 610.0 W. For
these three different values of load, the steady-state DC-link
voltage are 243.4V, 242.1V and 241.4V, respectively. As
the load power increases, the fuel cell steady-state current
increases, presenting the following values: 7.2 A, 14.45 A and
17.66 A, respectively.

In this result, the battery presents a different behavior,
when the load is connected, first, the battery absorbs the
fast transient with a peak of current, after the transient, the
current decreases to a intermediate value at steady-state. In
the first load connection, the battery current 4, pat achieves
a peak of 3.53 A, and 0.8 A at steady-state. In the next two
load connections, the current peak is 3.8 A and 4.1 A, while
the steady-state value for both cases are 2.5A and 3.5 A,
respectively. Since the loads were connected and disconnected
symmetrically, the steady-state values are the same during the
load increase and decrease. In contrast, the battery current
peak during the transients are different when compared with
the load increase. Then, the battery current peaks for the
experimental results from the beginning of load disconnection
to the end of the experiment are 1.6 A, —0.5A and —2.5 A,
respectively.

Regarding the model accuracy, in figure 7, it is possible
to notice that the Normalized Absolute Error of the battery
present spikes during the transients. This behavior is asso-
ciated mainly with the mismatch between the model and
experimental setup regarding the signal conditioning systems
(hardware and software). In the experimental setup, the sig-
nal conditioning systems (hardware and software) filters the
higher frequencies. However, their dynamic response are not
considered in the microgrid dynamic model (15).

According to figure 7, the battery and fuel cell currents also
present a small steady-state error (bellow 0.1 p.u.), which is
associated with three causes. The first cause is related with the
approximation of the droop and k-sharing curves by a sigmoid
function. The second is associated with the fact that the fuel
cell polarization curve was not implemented in the simulation

oo
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Fig. 7. Experimental results (continuous line) and simulation results
(dashed line) using the model (15) with ks according to figure 5 and
the Normalized Absolute Error between the experimental and simulation
results.

model (15). The third cause is regarding the fact that the
fuel cell polarization curve changes according to, among other
physical variables, the membranes humidity [22]. Therefore,
when a step of load is applied, if the membranes are not
properly wet, the terminal voltage decreases very fast. For the
H-1000, the system is programmed to shut down if the fuel
cell terminal voltage decreases bellow 24 V.

In summary, the following aspects of the experimental and
simulation results are associated with the main advantages
of the proposed control algorithm. In every step of load, the
battery responds quickly absorbing the fast current transients,
while the fuel cell responds slowly until the steady-state equi-
librium is achieved. Additionally, the proposed droop k-sharing
function allows the battery to share the power injected in the
DC-link at steady-state. With the droop k-sharing function,
these features are implemented without the need of a fast link
of communication between the sources.

Moreover, the small error between the simulation using the
model (15) and the experimental results validates this model,
and consequently, the stability analysis performed in section
VI-A.

VIl. CONCLUSION

This paper the presented a droop k-sharing function concept,
which can be used with droop controllers to fully uncouple the
control loops for hybrid systems with fuel cells and storage
devices, such as batteries. With this algorithm, the battery can
absorb the fast transients, while the fuel cell targets the steady-
state regime. Additionally, the battery can share the power
delivered at steady-state with the fuel cell, according to the k-
sharing function value. An advantage of this control algorithm
is that the k-sharing function can be designed similarly to the
droop controller.

To perform the stability analysis using the Lyapunov’s
Indirect Method, the DC-DC converters closed loop average
model were coupled using the DC-link capacitor differential
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equation. Since the real part of the dominant eigenvalues are
negative for the analyzed range of load, the microgrid can
be considered exponentially stable in the designed operating
range of load.

Finally, the effectiveness of the proposed control algorithm
and the DC microgrid modeling approach for the stability
analysis has been proven by comparing the microgrid model
simulation results using the solver ode23tb implemented in a
Matlab script with the experimental results.
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APPENDIX A
DC-DC CONVERTER AVERAGE MODEL

In this manuscript, two different structures of DC-DC
Converters are used. Both structures have two transistors,
however, the modulation scheme used in these structures
are different. In the buck-boost bidirectional converter, the
transistors are switched using a synchronous modulation, while
in the IBVM converter the transistors are switched with a
180° of displacement. Even though both structures have two
transistors, only one duty-cycle (k) is applied to them.

The average modeling consists on manipulating the state-
space matrices model of each switching state (16) pondered
by the duty-cycle associate with each switching state.

{:.E:Alilf-‘rBl’U, {ib:AQZB—i—BQ’U, (16)
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Therefore, in a generic way, the average model for DC-
DC converters with only one duty-cycle results in one part
dependent of the duty-cycle (Ay) and other part that is not
(Ap). Finally, the matrices of the average state-space model
for DC-DC converters with on duty-cycle are defined by (17).
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