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Abstract

Hybrid generation systems produce electric energy from a wide variety of
energy sources, including renewable sources. A hybrid system based on re-
newable sources usually consists of two or more renewable energy sources
with the possibility of including storage units so as to enhance the relia-
bility of the system. The hybrid system requires an energy strategy that
determines the operation point of each element of the system depending on
multiple variables and subjected to the constraints inherent in this kind of
systems. In addition, the system needs controllers to command each of these
elements in order to reach the operation point established by the energy strat-
egy. Here, we propose a control design via passivity-based control integrated
with an energy management strategy for a hybrid generation system based
on solar energy and coupled with the grid. The performance of the control

methodology is extensively assessed through computer simulation using a
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comprehensive nonlinear model of the plant. The results show that the con-
trolled system accomplishes the control tasks with good responses, working
under very different atmospheric conditions and required load power.
Keywords: Hybrid generation system, Passivity-based control,

Euler-Lagrange equations, Solar energy

1. Introduction

Energy consumption has considerably increased in the last few decades
since the progression of socio-economic activities is closely connected with
the access to electric energy. But satisfying this increasing consumption
with fossil fuels is no longer possible due to their high level of emissions
that contribute to global warming with devastating consequences for the
environment. In this context, the use of renewable energies can overcome
the growing energy demand with a minor impact on the environment [1].

Renewable energy sources are desirable for electrical power generation
because they have many advantages including sustainability, low pollution
and economic benefits. Due to the intermittent nature of many renewable
resources, a combination of more than one source may be helpful towards
obtaining a more reliable system, constituting a hybrid generation system
(HGS). Also, a hybrid system can be complemented with a storage system
to overcome periods of scarce generation reducing even more the probability
of energy supply shortage. A hybrid system composed of renewable sources
and storage elements is defined as stand-alone (SA) system, which is suitable
for remote locations where the grid cannot penetrate and there is no other

energy source. However, if the grid is accessible, the hybrid system could
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be coupled to the electricity grid conforming a grid-connected (GC) system.
Although both SA and GC present many advantages, the choice of GC or
SA system may depend on a number of factors but primarily on electricity
accessibility [2].

In general, each element of the HGS is linked to a DC or AC bus through
power converters. A control system is implemented to command each power
converter, and therefore the behaviour of the HGS. This control system could
be divided in two levels with specific control tasks, depending on its hierar-
chical position. The low level is composed of the controllers of the power
converters which command the electronic switches to satisfy specific current
or voltage references. These references are established by a supervisory con-
trol or energy manager in order to satisfy the power demand of the load,
subjected to the constraints of the system. Different approaches for address-
ing the control system are found in the literature. For example, in [3] a
stand-alone HGS is presented where the control law is designed through the
combination of passivity and sliding mode techniques. Another example of
SA applications could be found in [4] but there a PI controller is considered.
A GC application could be found in [5] where they have also used PI con-
trollers. In this paper, we are particular interested in passivity-based control
(PBC) methods to command the converters.

PBC is a controller design technique based on physical principles, namely,
the energy and damping features of the system. Using physical principles,
the dynamic behaviour of a system could be described by means of its en-
ergy. Furthermore, a complex system may also be decomposed into simpler

subsystems that add up their energies to determine the full behaviour of the
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system. Similarly, the controller could be understood in terms of energy as
another dynamical system interconnected with the plant to achieve a desir-
able behaviour in closed loop. Then, the control problem can be reformulated
as designing a controller that shapes the energy function of the system so
that the overall energy function takes the desired form. PBC is based on this
energy-shaping approach. A complete report on PBC is presented in [6] and
[7].

The fact that PBC is based on the physical principles of the system
explains its success to control physical systems with non-negligible nonlin-
earities. For example, this method has been primarily used to control AC
drives [8, 9] and mechanical systems [10]. However, this methodology has
been extended to address the control problem of the HGS. For instance,
Ayad et al. [11] have controlled a hybrid system composed of ultracapacitors
and fuel cell. A PBC strategy has been used to control an electric vehicle
with supercapacitors and batteries as storage elements [12]. Also, Tofighi
and Kalantar [13] used PBC to control a hybrid power source comprised of a
photovoltaic (PV) system and Li-ion batteries and PBC has also been used
to control systems in power electronics [14].

In this paper, a grid-connected hybrid generation system composed of
PV arrays and two different types of storage elements is addressed. The
PV system is the main power of energy and the storage system enhances
the reliability of the overall system. The main priority is to satisfy the load
demand using the grid as an ancillary energy source with the possibility
of selling any surplus generation. The HGS is described mathematically

by means of Euler-Lagrange equations and the control laws are achieved by



70

71

72

73

74

75

76

v

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

PBC. The main contribution of this article is the integration of the controllers
designed via passivity-based control with the energy management strategy
(EMS) to fulfil the mentioned objectives.

The paper is organized as follows. In Section 2, we give a detailed descrip-
tion of the hybrid generation system. Section 3 presents the Euler-Lagrange
model of the system. In Section 4, we design the controller following the
Standard PBC procedure. Section 5 presents the energy management strat-
egy using a finite-state machine approach. In Section 6, the results of several
simulations are presented and discussed. Finally, conclusions are stated in

Section 7.

2. System description

This section presents the hybrid generation system (HGS) and also the
modelling of its different parts. Figure 1 depicts the structure of the system
under study in this work. The HGS is comprised of battery and supercapac-
itor banks, DC and AC loads, and PV arrays. Also, the system is coupled
with an electrical network modelled by an ideal AC voltage source. The main
objective of the system is to supply the required power to the loads exploiting
the renewable resources and avoiding, if it is possible, power flow from the

grid.

2.1. Solar energy system

The electric behaviour of a photovoltaic cell could be modelled by a non-
linear current source connected in series with the intrinsic cell resistance. A

PV array is a group of individual cells connected in series and parallel to fulfil
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Figure 1: Hybrid system structure.

the grid voltage and current requirements. Therefore, the current provided

by a PV array is defined implicitly by the following equation [15]:
. ol : q(Vpo(t) + ipu(t)7s)
i) = (i) = i0t0) (e (L2 D) )|y

where nl” and nb” indicate de number of cells connected in series and parallel,

respectively. vy, is the voltage level on the PV panel array terminals, A, is the
cell deviation from the ideal p-n junction characteristic, 4,4 is the cell reverse
saturation current, 7, is the generated current under a given insolation, ¢
is the electron charge, K is the Boltzman constant, r, is the intrinsic cell
resistance and 7' is the cell temperature. i,, and i,s depend on the insolation
and cell temperature according to the following expressions:
3
ips(t) = Iy @(tj) ez.p(quo(l /IEFT& )1/T<t))>, @)
ipn(t) = (Lse + K (T'(t) — T5))A(t) /100, (3)

where E,, is the band-gap energy of the semiconductor used in the cell, I,,
is the reverse saturation current at the reference temperature 7T,..s, I is the
short-circuit cell current at the reference temperature and insolation, A\ is

2

the insolation in mW/em?, and K is the short-circuit current temperature

coefficient. The values of these constants are given in Table 1.

6
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The instantaneous energy generated by a photovoltaic cell depends on the
insolation and the cell temperature. Thus, in order to maximize the power
extraction under varying atmospheric conditions there are several techniques
which find the v, values that locate the operating point of the PV cell at
the Maximum Power Point (MPP) [16].

2.2. Energy storage system

In this work, we decided to use lead-acid batteries as the energy storage
elements with high specific energy. Each battery is modelled as a controlled
voltage source (E;) in series with an internal resistance (r,) [17]. The lead-

acid batteries could be described by the following equations:

By = By~ Ky s & (it 4 p1 - 7§) + Eap, (1
Q — it
Exp = Bliy|(~=Exp + A - py), (5)
1 discharge mode,
p1 = (6)
Q—it

| -0.10 charge mode,

4

0 discharge mode,

I
—

N
N~—

D2

1 charge mode,
\

Ey : Battery constant voltage (V),
K : Polarisation constant (V Ah™!),
@ : Battery capacity (Ah),

it = | g5 dt : Actual battery charge (Ah),

iy : Filtered current (A),

Exp : Exponential zone voltage (V),
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A : Exponential zone amplitude (V),
B : Exponential zone time constant inverse (Ah™!),
t: Time (s).
The SOC} is the available energy capacity expressed as a percentage of

its rated energy capacity and it could be expressed as:
SOC, =1—1it/Q. (8)

The energy storage system is completed with a supercapacitor bank.
These elements possess a high specific power; hence, it is sized for peak power
requirements. We model the supercapacitor bank as an ideal capacitor with
high capacity (Cs.) in series with an internal resistance (rs.). Similarly to

the battery bank, the SOC is defined as:

SOCSC - qSC/QSCJ <9>

where ¢, is the supercapacitor charge and @, = V(. is the total charge
capacity. V. is the supercapacitor nominal voltage.
There are constraints that must be considered in order to ensure good
performance and useful life:
<, <1, (10)
SOC™ < SOC, < SOCM,  x =b,sc, (11)
where the superscript m and M indicate the minimum and maximum value

allowed, respectively.

2.3. Loads
A DC load modelled by a resistor (R;) is connected in parallel with the
bus capacitor (Cp). An AC load modelled by a generic impedance (Z) is

8
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connected directly to the grid and coupled with the HGS via a three-level
IGBT voltage source inverter (VSI).

2.4. Power converters

The amplitude of the voltage of the PV array depends on the insolation
and the cell temperature. Therefore, a boost DC/DC converter is utilized
to adjust this voltage. In the case of the battery or the supercapacitor bank
a bidirectional DC/DC converter is used so as to regulate the power flow in

both directions.

3. Euler-Lagrange modelling of the system

In the previous section we briefly described the power converters and other
components. In this section, we obtain their Euler-Lagrange descriptions.

The Euler-Lagrange (EL) equations are a set of differential equations
that describe the dynamic behaviour of physical systems. They are derived
from the variational principle, which is a powerful method to model physical
systems in terms of energy quantities. The starting point of the variational
approach to modelling is the definition of the energy function in terms of
sets of generalized variables. This procedure leads to the introduction of the
Lagrangian function.

The Lagrangian function of the system L£(q,q) is the difference in the
magnetic co-energy of the inductive elements, denoted by T(q,q), and the
electric field energy of the capacitive elements, expressed in terms of V(q).

That is,

L(¢.q) = T(G.q) — V(q), (12)
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where ¢ € R™ are the generalized coordinates describing the circuit. In our

case, ¢ = [qc,,qL
and ¢y, represents the electric charge and current corresponding to the three
boosting inductors and the filter inductors, respectively. ¢, is the electric
charge of the DC bus capacitor (C}). Before presenting the EL equation, it
is necessary to represent the switching actions for the six switches of the VSI

by bipolar switches functions s,, s, and s., with the following definition

1, Sy closed,
S = with k = a, b, c. (13)

—1, S; closed,
Similarly, we define the state of the remaining switches by u; = 1 when it
is closed and u; = 0 otherwise, with ¢ = 1,2,3. Also, we assume that the
conducting resistance of any power switch is negligible.

The EL equation for a non-conservative system is described by

d<8£, )_8£ oD, .

T a—q.(q,Q) a—q(Q,Q) + a—q-(Q) = 0Q, (14)

where D is the Rayleigh dissipation function and Q@ € R" are the external
forces. In view of the system configuration and the definitions made, we

present the following EL parameters:

1

T(q) = §QLTLCJL7 (15)
I
- = 1
V(q) T (16)
) 17. . ) 1 +. T,
D(q) = B QLTRQL + Ri(—dc, — §3TQf + UT(1123)2 ) (17)

where L = diag(Lq, Lo, L, Ly, Ly, Ly), R = diag(rpy, b, Tse, T, T, Tf), Qf =

[Gas @y 0] T @123 = a1, a2, q3] "5 8 = [Sar 50, 8] and @ = [uy, U, u3)", with

ﬂizl—ui, 221,2,3

10
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For ease of presentation, we define the current through R; as ir, = —¢c, —

£5 qr+u’ qrag. A direct calculation of (14) with the EL parameters (15)-(17)

yields

dig, -
where &;—Z(q) =

and e, = [eq, €, €] "

din, ;. 0i
-5 alqil (4) = | F-

dir,

dip, Oig,

din,

0¢1 7 042 7 0q3 ’ O4a ’ Oqp ’ Odec

(18)

(19)

L — [Epzn Eln Esca

is a vector in which each element represents the line volt-

age of the ideal AC voltage source. I, is the identity matrix of dimension

n.

Using the definition of ig,, replacing (18) in (19) and after some algebraic

manipulation we get

. 1
qc, + 58

T(J-f+

qc,
Rl Cb

_T .
—u qi23 =0,

din,

Lj;, + Rqr, + @%_

Cy

dqr

(q) =

Qr-

(20)

(21)

Now, we expand (21) with respect to each component in a new set of variables

w = [vg,,i.]", where we have used i = ¢ and vo, = q¢,/Cp. Under these

considerations, the EL model now has the form

. 1 +. _ T
Cyic, + §3Tzf + v, R, Vi e = 0,

Lo3plitns] + Riasiies + ve, I3t = Q1as,

Llspliy] + rellsiy — (1/2)ve,Iss = —en,

where Ly93 = diag(Ly, Lo, L), Ri2s = diag(rpy, 7, 7sc), Q123 = |

and pl-] is the operator d/dt.

11

E

R

(22)
(23)

(24)

Eb, Esc]Ta

_en]

m™T



195 Before continuing, we analyse the EL model in further detail. The first
we and third term in the left-hand side of (22) represent the current flowing
17 through the bus capacitor and the DC load, respectively. The second term
108 1S the current taken by the inverter and the remaining term describes the
19 sum of currents flowing from the boost and both bidirectional converters.
20 Both currents are discontinuous due to the switching actions of s and u,
21 respectively. Equations (23) and (24) are the voltage equations that describe
22 the voltage across each inductor of the system. Similarly, both equations
203 contain discontinuous inputs due to s and u.

204 Finally, we explicit the passivity properties of the EL system. By arrang-

205 ing the parameters in (22)-(24) into the following matrices

M = block diag(Cy, L),
R = block diag(R; ", R),

0 —Uy —Uy —1Us %sa %sb %sc
Uy 0 0 0 0O 0 0
Us 0 0 0 0O 0 0
J = Us 0 0 0 o 0 0 |,
—%sa 0 0 0 0O 0 0
—3% 0 0 0 0 0 0
| -3« 0 0 0 0 0 0 |
206 one deduces the matrix representation
M+ J(s,u)w + Rw = Q, (25)

207 where M is a positive-definite diagonal matrix, R is the dissipation matrix

208 and J is the interconnection matrix. The total energy function is H =

12
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225

T+ YV = (1/2)w" Mw, which satisfies the following energy balance equation
T T
H(T) — H(0) +/ w' Rwdt :/ w' Qdt. (26)
0 0

This equation describes that the sum of the stored energy and dissipated
energy equals the supplied energy. Furthermore, if the supplied energy is
zero, i.e. Q@ = 0, the energy is not increasing, hence the equilibrium point of

the unforced system is stable.

3.1. Inverter EL model in rotating d-q frame

In this subsection, we derive the EL model of the VSI in the dg-coordinates
using the Blondel-Park’s transform. This transformation produces a change
of variables that reduces the complexity of the EL model in its original coor-
dinates. In the new set of coordinates, the definitions of active and reactive
power delivered to the AC load by the VSI are more transparent, hence easier
to control since the control objective may then be simplified to a set-point
regulation problem [18].

A change of variables that formulates a transformation of the 3-phase
variables to the dg reference frame may be expressed as fya0 = K fape [19],

where

cos(¢) cos(¢ —2m/3) cos(¢p —4n/3)

K = ; sin(¢) sin(¢ —27/3) sin(¢ —47/3) |, (27)
1/2 1/2 1/2
¢ = w = 2750Hz. (28)

After performing the Blondel-Park’s transform on (22) and (24), the EL

13



26 model of the system with the inverter described in the rotating dq frame is

1
bejcb + §STJ2if + UCle_l — I_LTilgg =0, (29)
Li23plivas] + Rigsines + ve, Izt = Qqas, (30)
3 . . 1 . 3
5 L lsplif] + Jrip — §Ucb]:[35 +rpllgip | = 56 (31)

27 where, with some abuse of notation, we define e,, = [0, E,,,,0] ", s = [s, $4, 50] ",

2 Qp = [ig,ia,i0]

0 wLy 0 3/2 0 0
Ji=| -wLy 0 0f,=] 0 3/20 (32)
0 0 O 0 0 3
29 F,, is the peak voltage of the ideal AC voltage source.
230 Omitting the homopolar component, in expanded form we have
. 3 T. -1 _T.
Cyie, + 15 it vo, Ry — @ 193 =0, (33)
diy .
LlE + it + (1 — up)ve, = Ep, (34)
diz .
LQE + 1y + (1 — ug)ve, = Ey, (35)
di .
Lg,d—t3 + 15z + (1 — us)ve, = Ese, (36)
3 di 3 3 3
L2 4 S, — 2 1, = 37
5L + swLsia = sqve, + 51 0, (37)
3 dig 3 .3 3 . 3
5 f% — §(JJLqu — stvcb + 57"de = —§Em (38)

2 We define ip = %sTi ¢ as the current taken from the DC bus by the VSI.

232 The matrix form of the new system is

Mi+ T (s,u)z+Rz=Q, (39)

14
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246

where

.. .. T
Z = [UCb721722aZ3anazd]

M = block diag(Cy, Lia3, (3/2)L1y),

Y

ﬁ = block dlag(Rfl, R123, (3/2)7’f]12),

@ = [07 QIQS? 07 _<3/2)Em]T7

0 —Up —Ug —Usg %Sq Z_Lsd
Uy 0 0 0 0 0
— Us 0 0 0 0 0
J =
us 0 0 0 0 0
—38¢ 0 0 0 0 SwLy
I —3s, 0 0 0 —3wL; 0 |

Analogously, the total energy function is H = (1/2)z" Mz and one can easily
arrive at a similar energy balance equation as (26) with the same passivity
properties.

The EL model (39) and its equivalent in the original reference frame (25)
contain discontinuous input terms due to the switching actions of the bipolar
switching functions s and uw. Thus, the analysis of their solutions and also
the controller design are difficult tasks. A suitable way of addressing this
problem is deriving an average model of the system. The average model
behaves exactly as the switched model under extreme duty ratios saturation
conditions and under intermediary duty ratio conditions it is consistent with
the physically plausible interpretation of the averaged values of its currents
and voltages. The average model of the system does not alter the structure

of the nonlinear EL model but now the state vector z represents the averaged

15
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state vector and the switching functions s and u are regarded as duty ratio
functions with values in their appropriate interval. From this point forward,
we will define the average model of the HGS by equations (33)-(38) or by its
matrix form (39).

We conclude this section describing mathematically the interaction of the
system with the AC voltage source and the AC load. Observing the HGS

structure (Figure 1), the network equations are given by Kirchhoff’s laws
intif—i,=0, e,=e, (40)

where e, is the voltage across the generic impedance Z.

4. Passivity-based controller design

PBC is a methodology to design controllers for physical systems modify-
ing its total energy function and damping characteristics [20]. The central
idea of the PBC methodology is to achieve a closed-loop system dynamics

associated to a closed-loop desired energy function of the form
Hy = (1/2)2" M3, (41)

where its election is motivated by the form of the total energy function H
of the average model. Let 24 = [vcyd, 11d, 124, 13d, iqd; 1aa) | denote the desired
state vector of the closed-loop system, thus we define the error state vector
Z, which we want to drive to zero, as Z = 2z — zg = [Z¢,, 21, 22, 23, 2q, 2d] |
Since the system is underactuated we cannot select arbitrary functions for
the desired state signals, they will thus result from the definition of the error

dynamics.

16
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The election of Hy gives the following error dynamics equation
Mz + T(s,u)z +Raz =0, (42)
where we have added a desired damping by choosing
Ri=R+Ri, (43)

where Ry = diag(re,, 71,72, 73,74, 7a) With each diagonal element positive.

Taking the derivative of H4 along the solutions of (42) we get
M= 3 Ryz < —%’Hd <0, V40, (44)

where o may be chosen to be a = min(Ry) and § = max(%m). Therefore,
the error dynamics is exponentially stable.

From (42) and using (39) we obtain
Mg+ T (s,u)z4 + Raza — R1z = Q, (45)

where this equation is explicitly written as

Chic,a + ZS igd + U}(g}d — U i1934 — 70y 30, =0, (46)
Ll% + rpoitg + (1 — up)ve,a — riz = Ep, (47)
Lg% + rpiog + (1 — ug)ve,q — reZa = Ej, (48)
Ls% + Tciza + (1 — uz)vo,a — 1373 = Ege, (49)
g f% + ngfidd — 4 5% + §rfiqd — 142, =0, (50)
g f% — ngfiqd — zsdvcbd + grfidd —TaZq = —%Em. (51)

The equations (46)-(51) implicitly define the controller of the system. To

obtain an explicit expression we must use the degrees of freedom to match the

17
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292

number of equation and variables. Since direct voltage control is infeasible
due to lack of stability [21], this goal is achievable through the regulation of
the inductor currents. Therefore, we establish reference values for the desired
current of each inductor adding five new equations. These are i1q = 714,
lod = 124, 134 = 134, tqd = lgx a0d igq = iq., Where the reference values are
yet to be defined. We establish that the notation (-). is used exclusively
for external reference signals, while (-); denotes signals generated by the
controller. Hence, the reference signal for the desired current of each inductor
is given externally and the signal reference for the desired dc voltage is defined
by the PBC.

From (47)-(51) the control variables u and s can be solved as follows:

1 . -
u =1-— o (Epy — Tpoitg +7121) , (52)
b
1 ) -
Uy = 1— —— (Eb — Tplog + 7’222) , (5?))
Veyd
1 -
uz = 1—-— — (Esc — Tscigd + 7”323) , (54>
Vcyd
1 4
5 = P (QWLfidd + 2rfigq — grqéq) ; (55)
Cyd
1 4
Sq = P (2Em — 2wlftgq + 2rfiqq — grdgd) : (56)
Cd

Then, substituting u and s into (46) and after a straightforward calculation,

the controller state ve,q is:

. 1 3 +. v T, -
VCyd = G (—ZSTZfd - }C;;d + @ dy934 + chzcb) . (57)

5. Energy management strategy

In this section, we define an adequate energy management strategy (EMS)

to efficiently command each component of the HGS. The EMS should ensure

18



293

294

295

296

297

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

that the HGS supplies the required load power demand, subjected to the
constraints imposed by the different components under varying atmospheric
conditions. Also, the EMS is intended to exploit the renewable resources
avoiding the use of the grid as energy source.

There are several approaches in the literature to address the energy man-
agement in hybrid power systems. In this sense, a comprehensive review
is done in [22]. EMS can be classified into two main categories: i) classi-
cal strategies and ii) intelligent strategies. In the first category we can find
strategies based on heuristic rules [23, 24, 25] or filtration [26, 27], while
in the second category strategies based on fuzzy logic [28], model predic-
tive control [29, 30], receding horizon approach [31, 32], multi-agent based
power [33], Pontryagin’s minimum principle [34], dynamic programming [35]
or nonlinear programming [36] are reported. Heuristic based strategies are
more appropriate to work in real time and for this reason we prefer to use
this kind of strategy in this work.

In this work, the EMS is formalized using a finite-state machine approach
[25]. The state machine is composed of states in which a specific mode of
operation of the system is defined. The change from one state to another is
called a transition and this occurs when a condition defining the transition
is true. A finite-state machine can be graphically depicted by a statechart,
which is a schematic diagram where the states are typically represented as
circles connected between each others through transitions represented by
arrows. Each arrow has attached an event that produces the transition [37].

In this section, we design an EMS using a state machine in which each

state defines the reference currents needed by the passivity-based controller
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and the transition conditions or events are defined from comparison rules
using process variables such as state of charge, current, power, etc. This
state machine is presented by the statechart depicted in Figure 2, which can

be defined by a tuple EMS = (S, X, €, s¢), where

o S ={s1,59,83,54,55} is the set of all states in the statechart.
e X ={1,---,9} is the set of possible input events (defined in Table 2).

e ¢ is a function that maps states and input events to states (¢ : S x X —

S).
e 5o € S is the initial state. In this case, sg = ;.

The proposed EMS maximizes the power generation from the solar energy
system, thus the reference current 7,, is defined by a maximum power point
tracking (MPPT) algorithm. That is, i1, = fuppr(T, ). Also, this EMS
only provides the active power of the AC load, therefore, we set 75, = 0. Since
both definitions are common to all states in the EMS statechart they are not
stated in the following description of each state in the set S. A detailed
description of each current reference definition could be found in Appendix
A.

State 1 (Energy sale mode): The solar energy system is capable of sat-
isfying the demand, recharging the battery and supercapacitor banks, if it is

necessary, and selling the remaining energy to the grid:

iy = i, (58)
ige = i<, (59)
ige = (1/8a) ((4/3)ipd — S4iqa) (60)
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where igg = ' {193 — v, Rl_1 is the necessary current taken by the inverter in
order to satisfy the AC load power demand and sell the surplus to the grid. i
and i, are the reference charging currents for the battery and supercapacitor
banks, respectively. In this work, we define them considering the SOC. If the
SOC is sufficiently high, the reference charging current is set to zero, else the
storage elements are charged at their nominal values :$™ (Figure 3).

State 2 (Self-sufficient mode): The solar energy system and the storage
system are capable of satisfying the demand without energy transaction with
the grid. This mode covers several situations from satisfying the load power
demand with the solar energy system and storing the surplus, to non-existent
solar energy generation with the storage system supplying the totally of the

load power demand:

i = (—tiy +ip + 05, R) [, (61)
ige = (—Uiy — Ugly + ip + v, RY) /s, (62)

It is important to note that the storage reference currents are limited by the
constraints imposed by (10).

State 3 (Critical mode): When one of the storage elements reaches a
minimum SOC the system replaces the storage system power supply with

the grid power supply to meet the load requirements:

ige = 0, (64)
13+ = 0, (65)
iax = (1/a) ((4/3)igd — Sqiqa) - (66)
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State 4 (Maximum capacity mode): When the load power demand ex-

ceeds the power capacity of the system, the grid provides the rest:

gy = 1, (67)
e = 1., (68)
iax = (1/54) ((4/3)ipd — Sqiqa) - (69)

Similarly, ¢ and i¢, are the reference discharging currents for the battery
and supercapacitor banks, respectively. In this case, there is a hysteresis to
recover the SOC until certain point without discharging the storage elements
during the recovery process (Figure 3).

State 5 (Recovery mode): When the energy generated from the solar
energy system exceeds the load requirements, this surplus is used to charge
those storage elements in critical conditions to restore their SOC until certain

level:

lox = (_ﬂlil — cugiz +ip + Uéle_l) /,&2’ (7())
i3, = (—Uriy — Cligiz +ip + v, Ry ) Jis, (71)
Z-d* = Z.zda <72>

where if SOC, > SOCPK | then ¢ = 1, else ¢ = 0. The purpose of the binary
variable c is to establish a preference between both storage elements to charge
the one in most critical condition. If both elements have their SOC under
critical conditions, the battery bank has main priority; hence we define ¢ as
a function of SOC;.

The events are defined in Table 2. Event 1 produces the transition from

$1 to sy when the energy generated is not sufficient enough to satisfy the
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Figure 2: Schematic diagram of the energy management strategy.

load and storage requirements. This situation is detected by a positive value
in the grid power P,. 0 is a sufficiently small value of power to avoid the
zero crossing. Event 3 is very similar to Event 1, but for the critical state of
the storage elements. Events 2 and 6 are identical but the former becomes
active when the storage system reaches its maximum charging capacity and
the latter when it reaches its maximum discharging capacity, considering a
small tolerance in both cases. Event 7 is analogous to events 1 or 3 but now
the event becomes active when a negative value in the grid power is detected,
indicating that the assistance from the grid is not longer necessary. Event
4 indicates that either the battery bank or the supercapacitor bank have
their SOC under a critical level. Event 5 becomes active after the SOC of
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Figure 3: Charge and discharge reference current. = = b, sc.

6. Simulations and results

In this section, we test the designed passivity-based controller with the

proposed EMS. We use ambient temperature and insolation data for a typical

winter day (July 17, 2009) and a typical summer day (January 23, 2009) in

Rosario, Argentina to simulate under realistic conditions. Both profiles are

shown in Figure 4a and 4b. Also, the load power demand profile (F;) depicted

in Figure 4c

corresponds to a residential hourly average power consumption.
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6.1. System sizing

Before testing the behaviour of the system we size and parametrize each
system component. The sizing of renewable hybrid systems is a complex issue
because there is a compromise between cost and reliability, coupled with the
uncertainty in demand and energy production. The bibliography in this
matter is extensive [38]-[46]. In this section, we proposed a reasonable sizing
in order to test the controller design and the energy management strategy.

The nominal voltage value for the DC bus is vg, = 100V. We set the
number of PV cells in series and in parallel as nf” = 50 and nl” = 38,
respectively. The parameters used for the lead-acid battery bank are given
in Table 3 and the battery bank is formed of n} = 4 and n} = 10. In the
case of the SC bank, we used one unit with the features given in Table 4.

Finally, the specifications of the power converters are given in Table 5.

6.2. Simulation tests

The mathematical model of the HGS defined in (39) as well as the control
laws (52)-(57) and the EMS are implemented in language Modelica using
OpenModelica [47]. We simulate the proposed HGS using the winter and
summer weather profiles with their respective winter and summer load power
demand and under same initial conditions.

First, the system is evaluated with the winter weather profile and with
the following initial state of charge: SOC{™* = 0.75 and SOC"" = (.8. The
voltage of the DC bus is shown in Figure 5 where it can be seen that the
system achieves a very good regulation throughout the simulation. Figure 9

shows the power exchanged by each component of the system. During the
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first 5.5 hours the storage elements are capable of supplying the power de-
manded by the loads (F)) establishing the operation mode of the EMS in
the state s, as it is shown in Figure 6. The currents of the storage elements
are depicted in Figure 8. The battery bank supplies the totally of the load
power demand and the supercapacitor bank only delivers power due to track-
ing mismatches. The current of the supercapacitor bank could be observed
by the zoom in Figure 8. Continuing with the description of the simulation,
in Figure 7 the SOC}, reaches a critical point (SOC}" = 0.4) due to the lack of
energy available from the PV arrays, and the EMS makes a transition to state
s3. The grid replaces the role of the storage elements avoiding its depletion.
Thus, the grid power P, matches the load power P, until the PV arrays start
transforming solar energy into electric energy. This increment in the power
generation from the PV arrays reduces the grid energy consumption to zero.
Having reached this point, the EMS transitions to state s; recovering the
battery. When the SOC;, is higher than a reasonable level (SOCPX = 0.5),
the EMS leaves the recovery mode transitioning again to state ss. Since
the generated power P, is still increasing, the system reaches its maximum
storage capacity sending the surplus to the grid, that is, selling energy (State
1). Then, with the storage elements fully charged (SOC} s = 0.8) and the
decreasing insolation, the systems transitions to the self-sufficient mode (s2)
meeting the power requirements without assistance from the grid. This mode
of operation persists until the load power demand exceeds the power capacity
of the HGS, transitioning to s; where the grid supports the HGS to meet
the load power demand. A transition period between states s3 and s4 occurs

until finally the load power demand is high enough to establish the EMS in
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state s4. The simulation ends with both storage elements with low SOC,
transitioning the EMS to state ss.

Finally, we simulate the system with the summer weather data and sum-
mer load power demand with identical initial conditions than before. Fig-
ures 10-14 includes the simulation responses of many variables of interest.
Although more energy is available from the renewable source, the summer
load power profile is also more demanding. Therefore, the HGS is slightly
more self-sufficient than in the previous simulation. For instance, the state
s1 is active a longer period of time during daylight, but at the beginning
of the simulation the SOC of the battery bank reaches the minimum value
sooner than before. The time in recovery mode (s5) is also shorter in this
new simulation. A quantitative comparison could be made between both
simulations after introducing the following concept.

A reliable electrical power system can be defined as a system capable to
feed the load demand with a small loss of power supply probability (LPSP)
[48]. LPSP is defined as the probability that the hybrid system is unable
to satisfy the load demand. A LPSP of 0 means the load is always satisfied
whereas a LPSP of 1 means the contrary. The objective function LPSP can

be expressed as follows:
I

LPSP =
S T

(73)

where T} is the total time of weather data used in the analysis and T}, is the
power failure time, which is defined as the time that the load is not satisfied.
Since the HGS is coupled with the grid, the load power demand is ensured
all the time; hence the traditional definition of the LPSP renders useless.

Instead, we proposed to evaluate the LPSP by means of the reliability of the
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system working without the support of the grid. Thus, we define T, as the
period of time in which the active power from the grid is positive, that is,
when the HGS needs energy from the grid. Therefore, the definition of T,

is the following;:

Ty = /0 (), (74)

where

1 it P, >0,
V(t) = (75)

0 otherwise.
Evaluating the LPSP in both scenarios gives 0.375 and 0.369 using the winter
and summer weather profile, respectively. The results show that both LPSPs
are high, concluding that the sizing prioritizes the overall cost rather than
the system reliability. In a grid-connected power system, the grid acts like a
battery with an unlimited storage capacity. So it could handle seasonal load
variations. Thus, the sizing of the storage elements could be reduced, which

explains the high LPSP values obtained in both simulations.

7. Conclusions

We have presented an energy management strategy integrated with a
passivity-based controller for a hybrid generation system. The hybrid system
consists of two types of storage elements (one with high specific energy and
the other with high specific power), one source of renewable energy (solar)
and DC and AC loads. Also, the system is coupled with an electrical network

which allows an exchange of energy between them. These power elements
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are connected to a DC bus through power converters. We obtained an Euler-
Lagrange model based on the kinetic co-energy and the potential energy of
the power system. Subsequently, we designed the passivity-based controllers
to command the power converters. Finally, a energy management strategy
establishes the reference signals of the controller.

We validate the performance of the strategy by means of computer sim-
ulations using different weather and load data profiles. We compare both
simulations in terms of loss of power supply probability (LPSP), resulting in
that both scenarios present similar LPSP values. The results obtained in-
dicate feasibility of the proposed control technique and energy management
strategy. Finally, although the study is intended for one particular system,
the proposed controller design methodology is applicable for other hybrid sys-
tems with multiple renewable sources. It is within our interests to extend this
work to include a wind energy system. Also, an optimal sizing methodology

for designing the overall hybrid system is the subject of on-going research.
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Appendix A.

Here, we briefly describe the procedure to obtain the definition of each

reference current presented in the description of the EMS states in Section 5.
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The main purpose of the Passivity-Based controller is to regulate the
voltage of the DC bus. As we have mentioned before, this objective is only
feasible through indirect voltage regulation. This means that the DC voltage
regulation can be indirectly accomplished by a suitable definition of each
reference current i, i3, and i4,. The regulation of the DC voltage implies

that equation (33) holds with ve, = vg, and U¢, = 0. That is,
3 . « el T
ZSTlf + UCle - UTZ123 = 0. (A].)
Therefore, the definition of the reference currents will be obtained from (A.1).
In each EMS state the system defines the reference current of only one
element to regulate the DC voltage. For instance, in state si, s3 and s4 the

PBC regulates the DC voltage by means of the inverter. For ease of reference,

we write again the equation (60):
bax = (1/54) ((4/3)iga — Sqiqd) (A.2)
ipa =1 1123 — v R (A.3)
ipa is the desired inverter current that regulates the DC bus, then (A.3) is

obtained from (A.1). Finally, i4 is derived from the expression of the inverter

current

stif =ig. (A.4)

When the state is sy or sj, the regulation task is accomplished by the
definition of the reference current of the storage elements. For example, in

state s9 these definitions are:

iQ* = (—’ljlil + ZE + Ué«le_l) /ﬂg, (A5>

ige = (—Uity — Ugdo + ip + 05 Ry ) JUs. (A.6)

30



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

Both (A.5) and (A.6) are derived from (A.1) but the former neglects the effect
of the other storage element over the DC bus (—ugiz). The consequence
of this is that once the controller has reached the equilibrium point, the
regulation task will be accomplished by the definition of 75, with i3, = 0,
that is, only the battery bank will play an active role in the regulation of
the DC bus leaving the supercapacitor bank in stand by. But if 7, reaches
its extreme value imposed by the constraint in (10), then i3, will assumed
the required value to regulate the DC voltage. This situation is similar to
state s5 but in (70) and (71) we introduce the binary variable ¢ to invert the

behaviour when it is necessary.
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Table 1: Parameters used in the solar system.

Parameter Value

g 1.6 x 1079(C)

A, 1.6

K 1.3805 x 10~B(NmK )
K 0.0017(AoC )

I, 2.0793 x 10-5(A)

Tt 301.18(K)

Ey 1.10(V)

o 0.5(€2)

Table 2: Events in the set X.

Event Description

P, > 6 A SOC, > SOCOK A SOC,. > SOCOK
Py ==0A iy — if] <1% A lise — %] < 1%
P, > 6 A (SOC, < SOCPK v SOC,, < SOCOK)
SOC, < SOC™ v SOC,. < SOC™
SOC, > SOCPK A SOC,, > SOCOK
Py==0A iy — if| <1% A |ige —il| < 1%
P, <=6
Py — Pr—P.>0
Py — P —P. <0

O o0 N O Ot ks W Ny -
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Figure 4: Simulation results using winter weather profile.
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Table 3: Lead-acid battery parameters.

Parameter Value Parameter Value

Eo(V) 1247 IM(A) -1
Ky () 0.047 IM(A) 1
Q(Ah) 72 () 0.04
A(V) 083 B(ARY) 125

Table 4: Supercapacitor parameters.

Parameter Value
Rated voltage(V) 48
Coc( F) 83
T5(£2) 0.01

I (A) -10
IM(A) 10

Table 5: Specifications of power converters.

Parameter Value Parameter Value

Ly L(mH) 1y 0.5(€2)
L \(mH) C, 10000(.F)
Ls 1(mH) R, 250(€)
L \(mH) E,, 220(V)
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Figure 5: DC bus voltage with winter profile.
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Figure 9: Powers with winter profile.
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Figure 10: DC bus voltage with summer profile.
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Figure 12: State of charge with summer profile.
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Figure 13: Storage currents with summer profile.
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Figure 14: Powers with summer profile.
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