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on the equations of Brayton-Moser (BM). BM equations
represents the dynamics of an electrical circuits in terms
of current and voltages. These amounts can be measured
without difficulty which facilitates construction of a controller
as opposed to other techniques that uses charges and fluxes to
model a system [9].
Power shaping control can be used to stabilize a nonzero
equilibrium point, in this case, the storage function can be
modified to achieve a minimum at this point [10].
In particular, we propose a control law for the ESS through
Power Shaping control in order to control the active and
reactive powers that the device can supply at the connection
point.
Restrictions on the active and reactive powers that the ESS
can deliver to the grid are considered in this paper. Particularly,
a scheme that uses sliding mode reference conditioning technique (SMRC) is applied considering the maximum powers
that the ESS can deliver to the grid.
The structure of this paper is as follows. Section II presents
the dynamical model of the system analyzed. Section III
introduces the power shaping ideas to design a controller for
active and reactive power. The controller is evaluated in section
IV. Finally, the conclusions are summarized.

Abstract—Distributed generation systems (DGS) has become a
promising alternative to meet the growing demand for electricity.
The requirements for DGS systems justify the use of new control
techniques that ensure stability and can handle the performance
of the system. In this sense, passivity based control is a technique
that takes advantage of the structure of the system by providing
a better understanding of the control law. The main objective
of this paper is to evaluate Power Shaping control to regulate
active and reactive powers of an energy storage system in order
to improve the performance of the electrical grid.
Index Terms—Distributed generation systems, power shaping
control, passivity-based control, Energy Storage Systems, sliding
mode reference conditioning.

I. I NTRODUCTION
Distributed generation systems (DGS) offer advantages in
terms of quality and availability of electricity supply. These
systems are composed of multiple power generation units,
renewable and non-renewable, interacting among them with
nonlinear behaviors [1].
The capacity installed of renewable energy conversion systems for the production of electrical power has grown in
recent decades. Thus wind energy and solar are positioned as
the two most important renewable resources because this can
be easily captured in contrast with other renewable resources
[2], [3]. Particularly, the adoption of wind energy conversion
systems (WECS), in the production of electric eenergy, reduces
dependence on fossil fuels and pollution. Different WECS
have been developed in order to increase system efficiency
and with fault ride through capability [4].
In recent decades the integration of energy storage systems
in electric power systems has been increasing gradually. The
incorporation of energy storage systems (ESS) damps disturbances originated in the load or in the renewable generation
units increasing the efficiency of the power generation system
[5], [6], [3].
Some DGS problems have been addressed by linearization
techniques [7], [6]. However the complexity of the DGS
systems usually requires more advanced control techniques.
In this sense, the work proposes the use of a nonlinear control
technique based on Power Shaping (PS) control that ensures
stability in a domain of attraction.
PS control, which is based on passivity ideas, was proposed
in the paper [8]. PS control, uses a system description based
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II. S YSTEM

MODEL

The system considered is shown in Fig. 1. This consists of a
synchronous generator coupled with a diesel engine (GS1 ), a
distribution line (Z1 ), a wind turbine (GA1 ), an energy storage
system (ESS) and a dynamic load based on induction motors
connected to bus 1.
Generally, active and reactive powers in an node of the
electrical grid are written in function of the voltage magnitude
(V ) and the angle (θ) of all nodes as
Pnk = Vk
Qnk = Vk

n
X

(Gkm Vm cos(θkm ) + Bkm Vm sin(θkm )),

m=1
n
X

(Gkm Vm sin(θkm ) − Bkm Vm cos(θkm )),

(1)
(2)

m=1

where Vk is the voltage in the generic node k, Gk and Bk are
the conductance and susceptance respectively, θkm = θk − θm
[11], [12].
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regard, the use of supercapacitors or flywheel technology is
suitable [5]. Furthermore, the dynamics of ESS is so fast, that
it is considered as a source of instantaneous power.
D. Dynamic load
The load includes a constant PQ and an induction motor
loads
Pd = P0 + P1 + kpw δ̇ + kpv (V + T V̇ ),
2

Qd = Q0 + Q1 + kqw δ̇ + kqv V + kqv2 V ,

The active and reactive powers balances at the node 1 (Fig.
1) are
Pn1 = Pd − Pw ± PESS ,
(3)

δ̇ = (QA − Q0 − Q1 − kqv V − kqv2 V 2 )/kqw ,

(10)

with QA = Qn1 + Qw ± QESS , replacing in the expression
(3), we have

(4)

V̇ = (PA − P0 − P1 − kpw δ̇ − kpv V )/(kpv T ),

where Pd , Qd , Pw , Qw , PESS , QESS are the active and
reactive powers consumed by the dynamic load, provided by
the wind turbine and exchanged by the ESS with the electrical
grid respectively (see Fig. 1).

(11)

with PA = Pn1 + Pw ± PESS .
The load parameter used in this work are presented in the
appendix A.
E. Mathematical model
The dynamical model of the system is given by

ẋ = f (x) + g(x)u
,
y = h(x)

A. Synchronous generator
The expressions that represent the dynamic behavior of a
synchronous generator and the voltage controller, assuming
that supplied torque by the prime mover and the flux are
constant, become
δ˙1 = ω1 − ωr ,
M1 ω˙1 + D1 ω1 = Pm − Pe ,
TA dE˙f di = −Ef di + Ka (Vref − V ),

(9)

where P0 and Q0 are the active and reactive constant powers,
P1 and Q1 represent the PQ load, V is the voltage in the
connection point and δ̇ is the frequency [14].
From the equation (4) is possible to obtain

Figure 1. System analyzed.

Qn1 = Qd − Qw ± QESS ,

(8)

(12)

where
x ∈ Rn is the state vector and xT
=

ω1 Ef di δ V , u ∈ Rm is the input vector with m ≤ n,
f (x) : Rn → Rn and g(x) : Rn → Rn xRm . The equations
which constitutes f (x) are the dynamic load and the synchronous generator. The order of the system can be reduced if
we introduce the relative angles in the synchronous generator
[11]. Then, the expression (5) will not be included in the
system model


f1 (x)
f2 (x)

(13)
f (x) = 
f3 (x) ,
f4 (x)

(5)
(6)
(7)

with ω1 the rotor angular velocity, ωr is the line reference
frequency, M1 the inertia constant, D1 is the internal friction
of the machine, Pm is the power supplied by the prime mover
and Pe is the electrical power. In the expression (7), Ef di
is field voltage, Vref is the reference of voltage, V is the
voltage at the terminals of the electrical machine, Ka and Ta
are constants [11], [13].

with:

B. Wind Turbine

(Pm − Pe − D1 x1 )
,
M1
(−x2 + Ka (Vref − V ))
,
f2 (x) =
Ta
(QA − Q0 − Q1 − kqv x4 − kqv2 x24 )
f3 (x) =
,
kqw
(PA − P0 − P1 − kpw x˙3 − kpv x4 )
.
f4 (x) =
(kpv T )

f1 (x) =

The wind turbine considered in this work is basically
composed of a horizontal axis rotor, a doubly-fed induction
generator (DFIG) and a back to back converter. The wind
turbine is modeled as a concentrated mass system. As a first
approach to the problem, we consider that the wind speed is
constant. Then, the active power injected by the wind turbine
is constant. Furthermore, it is operated neutral to the grid i.e.,
(Qw = 0 VAr).

The vector g(x) is given by


C. Energy Storage System (ESS)

0
 0
g(x) = 
1
 kqw
0

As stated above, the control actions are applied to the ESS.
Which operates on the premise of providing power in cases
of rapid fluctuations in load or variations in wind resource.
The ESS must operate in the ranges of a few seconds, in this

74

0
0
0
1
(kpv T )




.


(14)

(15)

2015 IEEE PES Innovative Smart Grid Technologies Latin America (ISGT LATAM)

III. C ONTROL

The partial differential equation, employing the alternative
matrix Q̃(x) and the left annhilator (25) is
#
"
a (x)
q11 ∂P∂x
⊥ −1
1
= 0.
(26)
g Q̃ ∇Pa (x) =
a (x)
q22 ∂P∂x
2

DESIGN

In this section we summarize the main Power Shaping
stabilization ideas. These ideas are used for proposing a
controller by Power Shaping for the system described in the
previous section.

In the last expression we can observe that Pa (x) no depend of
the variables x1 or x2 . And using the concepts developed by
[15], we can propose a function Pa (x) that depends only on the
variables x3 and x4 respectively. Furthermore, the Lyapunov
function Pd (x) = P (x) + Pa (x) must reach a local minimum
at the equilibrium point, that is (∇Pd (x∗ ) = 0 y ∇2 Pd (x∗ ) >
0).
The function Pa (x) was designed considering that the ESS
has a finite energy. The ESS just could deliver power when
the system is affected by a disturbance in the load or in the
wind resource. In this sense we assume that q33 f3 (x∗ ) = 0
and also that q44 f4 (x∗ ) = 0.
The function Pa (x) proposed is

A. Power Shaping Stabilization
The system (12) can be described employing the BraytonMoser equations [9]
∂P (x)
+ g(x)u,
(16)
∂x
where Q(x) is a full rank matrix, nonsingular and P (x) is a
mixed-potential function. In order to establish a control law
by power shaping the next propositions are assumed according
to [9] and [10]:
1) There exist a full range matrix Q : Rn → Rnxn , non
singular that solves the differential equation:
Q(x)ẋ =

∇(Q(x)f (x)) = [∇(Q(x)f (x))]T ,

(17)

Pa (x) = k1 (x3 − x∗3 )2 + k2 (x4 − x∗4 )2 ,

and furthermore verifies that:
Q(x) + Q(x)T ≤ 0.

being, the Hessian of Pd (x) is positive definite and it is shown
in the appendix C.
Then, the control law employing expression (24) is given
by
#
"
a (x)
−kqw ∂P∂x
3
.
(28)
u=
a (x)
−kpv T ∂P∂x
4

(18)

2) There is a scalar function Pa : Rn → R, positive definite
in the neighborhood of an equilibrium point x∗ , which
verifies the following partial differential equation (PDE):
g ⊥ (x)Q−1 (x)∇Pa (x) = 0,

(19)

C. Sliding mode reference conditioning

where g ⊥ (x) is the left annihilator of g(x) which
verifies:
g ⊥ (x)g(x) = 0,
(20)

In this paper, we consider restrictions on the active and reactive powers that the ESS can deliver. In particular, we apply
concepts of sliding mode reference conditioning (SMRC) in
order to modify the reference in the control law [16].
For clearly, the loop corresponding to the reactive power
has been ommited. The conditioning loop of the ESS active
power is shown in Fig. 2. When the system operates within
−
+
its allowed region P − = Plim
≤ P ≤ Plim
= P + the signal
w is zero and the conditioning loop is not active. This loop
acts as follows, when the ESS power exceeds its upper bound,
s = P + − P < 0 and w changes to w− . Similarly, if P falls
below its lower limit w switches to w+ .
From the practical point of view, due to the slow grid
dynamic, it is assumed that the switching of w directly affects
the first time-derivative of the constrained signal P and the
switching function s. Thus, assuming a sufficiently large
discontinuous signal w the switching logic assures that:

ṡ > 0 if s < 0
(29)
ṡ < 0 if s > 0

being
rank(g ⊥ (x)) = n − m.

(21)

3) The desired function of power satisfies (x∗ ) = arg min
Pd (x). Where the total power function is
Pd (x) = P (x) + Pa (x),
with
P (x) =

Z

[Q(x)f (x)]T dx.

(22)
(23)

Under these conditions, the control law is:
u = (g T g)−1 g T ∇Pa (x).

(27)

(24)

B. Control law
In order to represent the system (12) using the equations of
Brayton-Moser, alternative pairs (Q(x), P (x)) are proposed,
according to [10]. These matrix are presented in the appendix
B.
To obtain a function Pa (x), a left annihilator should be proposed and then the partial differential equation (19) be solved.
The left annhilator proposed with rank(g ⊥ ) = n − m = 2, is


1 0 0
⊥
g (x) =
.
(25)
0 1 0

In this manner, when P intends to surpass one of its limits, w
enforces P into its allowed region, where w equals zero again.
While the variable P continues trying to cross the system
output bound, the signal w will switch between 0 and w−
at high frequency and the system will evolve so that s =
0. Consequently, the conditioned signal of reference will be
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continuously adjusted in such a way that the output P never
exceeds the limit.
This signal w, through a LPF, modify the signal of reference
achieving the system does not reach saturation [16].
IV. E VALUATION OF

THE CONTROL LAW

To compare the Lyapunov functions P (x) and Pd (x), we
represent in Fig. 3 their contours on the x3 − x4 plane. We
represent the functions P (x) and Pd (x) in dashed line and
solid line respectively. The equilibrium point is marked with
x∗ .
Comparing the labels of the contours in Fig. 3 is noted
that Pd (x), with control law, converges faster than P (x), to
the equilibrium point. Note that the closed contours belonging
to Pd (x) cover a larger neighborhood than corresponding to
P (x). Moreover, Opened contours belonging to the function
P (x) are shown in the zoom of Fig. 3.
The simulation results are based on the system of the Fig. 1.
To evaluate the performance of the controllers, are considered
disturbances on active and reactive power at node 1. Also,
to verify the SMRC, the active and reactive power that can
deliver the ESS was limited. In the first case, we consider
a active disturbance in the node 1 depicted in part a of the
Fig. 4. In t = 1.5 sec, an active power disturbance of 250
kW is detected, which increase to 375 kW in t = 2.5 sec.
In t > 5 sec the active power disturbance disappears. This
kind of disturbance could be attributed to a variation in wind
generation or a variation in the load.
The second case considered is a variation of reactive power
in the load. While in t = 13 sec the load consumes 100 kVAr,
in t = 14 sec the load consumes 200 kVAr and in t > 18 sec
the reactive power disturbance ceases.
The active and reactive powers of the system are presented
in the Figs. 4 and 5, respectively. The contribution of the active
and reactive powers of the synchronous generator plus the
constant supply of the wind turbine ((Pw + PGS1 ) and (Qw +
QGS1 )) are shown in the Figures 4b) and 5b). Figs. 4 and
5, parts a, c and d, are shown the powers of the disturbance,
static and dynamic loads and finally, the power exchanges by
the ESS respectively.

Figure 3. Contours of the P (x) and Pd (x) functions.

In Fig. 6, the voltage (V ) and δ in the node 1 are shown.

Figure 4. Active power in the electrical grid.

Solid lines correspond to the case when the ESS is used
and with dashed lines when it is disconnected.
In the first case considered, in t > 2.5 sec, the control
loop detects the voltage variation at the node (Fig. 6a)) and
the ESS contributes with active power (Fig. 4d)). Later, ESS
achieves the maximum power that can deliver and using the
SMRC technique, the voltage reference is conditioned to not
exceed the maximum power (Fig. 4d)). In addition, in Fig. 4 it
can be observed that without the contribution of ESS (dashed
line), the synchronous generator has to provide all the power
required by the disturbance. The contribution of ESS (solid
line) reduce the power supplied by the synchronous generator
(GS1) (Fig. 4b)).
Also, in Figs. 4c) and 5c) are shown how the dynamic load
varies their power consumption due to variations of V and δ
in the connection point (Fig. 6).
In the second case considered, (Fig. 5), it is observed that
the disturbance in the reactive power causes the variation
in the voltage of node 1 and δ (Fig. 6). A variation of δ
involves an injection of reactive power by the ESS due to
the control law proposed. This injection mitigates the impact
of the disturbance of reactive power in δ (Fig. 6b)). Also, a

Figure 2. Implementation scheme of SMRC.
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variation in the voltage in the node 1 is observed Fig. 6a).
Then, initially ESS produces an injection of active power
(Fig. 4d)) and when the voltage rises over the reference
voltage, Fig. 6a), the ESS consume active power (Fig. 4d)).

On the other hand, the control action proposal does not
require coordination with other controllers from the mains
analyzed.
A PPENDIX A
L OAD PARAMETERS

V. C ONCLUSION
In this work, the PS control concepts are used to propose a
control law for the active and reactive power that can deliver
an ESS. In order to analyze the effects of the restrictions of
powers that the ESS can exchange with the electrical grid, a
technique based on SMRC was employed for the conditioning
of the reference. The scheme proposed in this work could
allow better use of the wind resource as well as a reduction
in fuel consumption.
One of the advantages of PS-control is the use of knowledge
of the structure of the system in the control law interpretation.
Moreover, the power shaping ideas facilitate the process to
obtain the Lyapunov function which ensures stability in a
domain of attraction.

Power [VAR]

5

2

A PPENDIX B
M ATRIX Q̃
The matrix Q(x) was calculated according to [10; 17],
where the authors propose two alternative matrices Q(x) and
P (x), denoted as Q̃(x) and P̃ (x) respectively. The new pair
Q̃(x) and P̃ (x) represent the system given by
Q̃ẋ = ∇P̃ + G̃u,

a) Reactive power disturbance.

x 10

1
0

5

10

15

20

25

time [s.]
b) Reactive power (Qw+QGS1).

x 10

Q̃(x) =

10
0

0

5

10

15

20

25

20

25

Power [VAR]

c) Reactive power Ld.

x 10

2.9
2.8
2.7

0

5

10

15
time [s.]

Power [VAR]

5

1

c) Reactive power ESS.

x 10


1
1
∇(Qf )M + ∇T (M Qf ) + λI Q,
2
2

(31)

and

0
−1



where λ ∈ R and M = M T : Rn → Rnxn , are arbitrary.
The pair P̃ (x) is given by
Z
1
P̃ (x) = λ (Qf )T dx + f T QT M Qf,
(32)
2

time [s.]
4

3

(30)

being
0
4

Power [VAR]

The values for the parameters of the load are kpw = 0.4,
kpv = 0.3, T = 8.5, kqv = −2.8, kqv2 = 2.1, P0 = 0, P1 =
0.6, Q0 = 1.3 and Q1 = 0. All values of the dynamic load
are expressed in per unit except the angle which is expressed
in degree.

0

5

10

15

20

G̃ = Q̃g.

25

time [s.]

(33)

The matrices M and Q proposed determines the symmetrical
structure of the matrix Q̃. This choice together with the left
annihilator g ⊥ (x) gives us a way for PDE. The solution of the
PDE allows us to design a function Pa (x).

Figure 5. Reactive power.

M = 04 ,

(34)

Q(x) = I4 ,

(35)

being I4 a identity matrix of 4x4 and O4 a zero matrix of 4x4.
λ = λ1 I4 ,

(36)

where λ1 = −1, then the matrix Q̃(x) is
Q̃(x) = −1I4 ,

(37)

and at the same time Q̃(x) accomplish with the condition (17)
and (18).

Figure 6. Voltage and δ in node 1.
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To verify that Pd (x) is a candidate Lyapunov function,
Hessian is positive definite in the equilibrium point. The
Hessian is given by

 Di
0
0
0
Mi
1
 0
0
0 
 > 0.
TA
(38)
∇2 Pd (x) = 
 0
0 2k1
0 
0
0
0 2k2

The condition (∇2 Pd (x∗ ) > 0) can be verified by checking
that the principal minors of the matrix (38) are positive and
adjusting the values of the constant k1 and k2 .
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