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01 Introduction

Abstract—Energy storage may improve power management in
microgrids that include renewable energy sources. The storage
devices match energy generation to consumption, facilitating a

smooth and robust energy balance within the. mlcrf)g,rld. This hl_-_E_ol |1=|—5|.—|| xl. °|‘E 31'
paper addresses the optimal control of the microgrid’s energy
storage devices. Stored energy is controlled to balance power Xt X2 Tststn =]
generation of renewable sources to optimize overall power con- O“L-III I-IC’ °IIE e I-OI EI
sumption at the microgrid point of common coupling. Recent -
A o
works emphasize constraints imposed by the storage device itself, éﬁ" 7:"E x“—l: ( )77 I'II E.=|°|_|' *|I-I x-IE:I-'-'IT
such as limited capacity and internal losses. However, these works
assume flat, highly simplified network models, which overlook the 0'||L'|I| I'l Qxl '*’Ia-ll xllo'l ﬂ
physical connectivity. This work proposes an optimal power flow
solution that considers the entire system: the storage device limits, 7|= A|AE H|TF — JjME o H

voltages limits, currents limits, and power limits. The power
network may be arbitrarily complex, and the proposed solver
obtains a globally optimal solution.

Index Terms—Distributed generation (DG), energy storage, mi-
crogrid, optimal power flow (OPF), smart grid.
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02 Background - HIE®|3 EEZ2X| % (Bus) 413

M2 A 2Bt W4T (Bus)e] SHel A 47HK]

« P;(t)—the active power, injected from the bus into the grid
(positive for generators, negative for loads);

* Q;(t)—the reactive power, injected into the grid;

» V;(t)—the voltage magnitude of the bus;

* 9;(%)—the phase angle of the voltage V;.
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02 Background — H2j X7 4

I 34} AlAE
N
P, =Vi'ZYij'VJ -cos(6; — 6; — ;)
i—1

N
Qi=V;-) Yy V,-sin(6; 6, 6i)
j=1

5. i
,,ij:“/i'cz —‘/J"Cl"
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olmy i, j= x, y7t Okl HA(bus, 2M) ex Via = it HAQ| a4} F¢}
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02 Background — H& X7 WA
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02 Background - OlLiX]| X{Z x| (ESS)

HEl H(E) : MTE= ojliX] oz} CHEZI2 AlZtoj| w2} HHoiCY.

SE BEA : oflX|Zt AZHo]| T2} OJESHA| et =7) - 38 K= US

d
IE‘ = fi(P;, E;).

d
mEi = fi(Pia, PiB, Pic, E;)
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%Il O] ==20llM Eot= AlAE S| 2| X s} RES £3fHO = YO
C(t) : 7H4 A= AlZbo)| 2} tHSksh= ofiiX] T7HE g

T

/Pl(t) - C(t)dt — min

0

/ (Pa(t) — Ps(1))? + (Ps(t) — Po(t))? dt — min.
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03 Related Work
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4 Dynamic Programming

does not resemble the global one and have no desired proper-
ties. This local solution is unsuitable and cannot be used in a
real power system.

IV. DYNAMIC PROGRAMMING APPROACH

Unlike gradient-based methods, dynamic programming algo-
rithms (see [18]) scan all feasible solutions to locate the global
optimum. A direct scan of the entire solution space is numeri-
cally impossible, so the optimal solution is designed recursively,
combining dynamic allocation in the time domain, with a tradi-
tional power flow solver on the network domain.

A. Single Storage Device—One-Dimensional Solution

With a single one-phase storage device, the stored energy
function Fi(t) governs the power flow of the network. For a
given energy function, the power output of the storage device
P;(t) may be computed using the storage state (3). Assuming
that the voltage magnitude of the device is specified, Vi(t) =
Vi ¢, the device may be replaced by an auxiliary P-V unit, with
known power and voltage values. Recall that loads and renew-
able generators are specified, so given the storage power output,
power flow over the entire network may be computed. This is
easily achieved using standard power flow algorithms, such as
Gauss—Seidel, or Newton-Raphson. The problem is therefore
one-dimensional, with a single controllable state variable E(t).

The challenge is to determine the energy function Eit) =
E(t) that minimize the objective equation (5) and comply with
all constraints listed in Table 1. To this end, a value function V()
is defined as

>
V(t,E) =/P.(1).C(f).dr (8)

with an initial condition E(t) = E

The objective equation (5) is equivalent to minimizing
V(0,0), that is, to minimize overall cost over the entire pe-
riod, starting with an empty storage £ = 0. Calculations are
numeric, over a discrete grid. df marks the time step, and
dE marks the energy step. The optimal solution is computed
recursively by the Bellman equation

V(t,F)= min {AV (R, F(t+d0))+V (t+dt, F(t+de)

)

The value function V(¢, E) is numerically computed by back-
ward recursion. The process starts at the final time ¢ = T,
where the value function is known: V(T, E) = 0. Applying
(9), the value function may be computed at T — dt, revealing
V(T — dt, E) over all the energy values. The process continues
until reaching £ = 0. A backward recursion step is shown at
Fig. 4(a).

The differential cost AV is defined for every two arbitrary
points {¢, E(t)} and {t + dt, E(t + dt)}. It represents the cost
of transition between the two points. AV is computed in the
following steps.

Step 1) The first derivative of energy is evaluated by

d . E+d) - B

(10)

Step  2) Power output of the storage device, P;
uated. The storage state (3) is solved using known
values of E(t) and its first derivative E(t), revealing
Pi(t).

The storage device is replaced with an auxiliary
P-V source, with P = PF(t). V = Vs,
network power flow analysis is computed using
Gauss-Seidel, Newton-Raphson, or any other
method.

If the power flow solution complies with all network
constraints, the differential AV is assigned a value
according to the power at the PCC, P (t). Other-
wise, it is a ed a value of infinity

Py(t)- C(t) -dt, inconstraints }
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Having computed V (2, E) over all times and energies, the op-
timal energy F*(t) may be evaluated. This is done by a forward
recursion process. Known values of V(£, E) are substituted in
the Bellman equation to recover the optimal solution

E'(t) = nr%min {AV(E*(t—dt), E(t))+V (¢, F(1))}
\t)

Energy at t and E*(t) is calculated in relation to a previous
energy value F*(t - dt). The computation process starts atf =
0, in which optimal energy is known and equals the starting
condition, usually K*(0) = 0. Optimal energy at the next time
step E***(dt) is evaluated by (12). The process continues until
the entire optimal energy path has been discovered, up to the
final time ¢ = 7'. Knowing the optimal energy path, all powers,
voltages, and phase angles may be computed directly.

B. Mudnple Storage Devices

Each storage device adds a dimension to the solution space.
Thus, a network with two storage devices is a two-dimensional
(2-D) problem, with two free variables: Fy(¢) and F;(t). Power
flow is now govemed by two energy functions instead of one.
A 2-D computation is -.huwn in Fig. 4(b).

Multidimensional sol are essentially equivalent to
single dimension solutions. The major difference is that the
value function, V() is now multidimensional. Consider, as an
example, a one-phase network with two storage devices. The
value function is now defined as follows:

T
V(l,Ff‘,E,):/P,(v)-C(f)-dr (13)

initial condition
E(t) =E., Eyt) = E;.

It is a function of both E(2) and E;(t). The Bellman equation
now involves minimization over both energy variables

vit,

VEj)= min (A (i e+ de), By, Fy(t + de))
e

+V (t+dt, Fi(t + dt), Fj(t+ dt))}  (14)

Nmmtodl#cn'-ed . Soangsil University. Dawnicaded on Aped 07,2026 2t 005158 UTC fom IEEE Xpiore. Restrictions apply.
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Fig. 4. Backwand recursion process, wsing the Bellman equation. The value
functic #t each point equals the minimum over all differential patks from
t 1ot 4 dt. Possible paths appear as dashed lines, and the optimal path is
marked bold. (2) Single storage device, with cee state variable Et). (b)
Multidimensional —two storage devices o varisbles—E, (1), Ey(t)
White does mark the numerical grid. Black does mark feasible sobutions.

The differential cost AV is computed for 2-D points
{t, Fi(t), F;(t)} and {t + dt, Fi(t + dt), F;(t + dt)} [see
Fig. 4(b)]. The computation involves evaluation of two deriva-
tives as

d . Edt+dt) - E(t)

dt dt
d . Fi(t+di) - Fi(t) .
dAE’ T (15)

These are employed for computing the output power of both
storage devices. Using this data. the network power flow is
evaluated normally, at each time point, using Gauss-Seidel,
or Newton-Raphson. The differential AV is assigned a value
according to the power at the PCC or a
infinity in case the solution is infeasible.
Three phase storage devices may be 1-D or 3-D. A balanced
three-phase device, with equal powers Pia = Pin =
is 1-D. The stored energy E(t) determines the three ph.m
powers, in accordance with the storage state equation (4).
Knowing the storage output powers, a three-phase power flow
analysis is computed at each time point. If phase powers are
each individually controlled, using a dedicated power con-
wncl than the pmblun is 3-D. The free variables may be

(L), Pin(t), Pie(t).

ed a value of

power [p.u]

power [pu)
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Fig. 5. Power system of Brekken 16]. {a) Wind farm and storage
(b) Optimal solugion. Top: porwer and total power. Middle: stomge power
Bostom: battery SOC

V. MICROGRID CASE STUDY |

To demonstrate the proposed method, we examine a power
system proposed by Brekken er al. [16]. The system [Fig. 5(a)]
includes a wind farm (renewable source), coupled with a bat-
tery energy storage. During high winds, energy is stored in the
battery. Stored energy is released when wind is low, smeothing
total power injected to the grid.

The following description is duplicated from [16]: wind
power is represented by Pyiga. storage power is Pgg, and total
power is Pioear. The battery is modeled by its power capacity
Prated, the storage capacity Jrueed, and the battery State of
Charge (SOC), in the range 0,.,1. This represents energy in
this problem. The storage state equations are

iSOC: _n-Pes

dt tedt
_ [now, Pee>0
iy { Tiay Pes < "}
—Prated < Prs € Fratea
0<S0C< 1. (16)

The parameters are chosen as follows: Pyyed = 0.34, Jrpten =
0.4, n, = 0.85, and 1y, = 1.15. Wind power Pyigq is sampled
from [16].

The proposed dynamic programming analysis
this system, optimizing the utilization of storage. A price signal
is unavailable, so a minimal price objective cannot be evaluated.
Instead, we chose to optimize the power output of the system
by minimizing losses over the mutual power line. Assuming a

is applied to

‘Alshorized Ikensed use imied to: Soangsil University. Daanioaded an Aprd 07,2026 3 00.51:58 UTC fom IEEE Xplore. Resinctions apply.
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05 Experiments -

L5
G1: photovoltaic source, installed peak: 1 MW A
G2: photovoltaic source, installed peak: 0.5 MW _l_ 0.5 MW
S1, S2: energy storage, capacity: 0.4 MWhr [ 5 —~\
L6: capacitor bank for reactive power compensation (0.3 MVAr) 1.3+ J L4 (G2 )
j4.2% A \“[/
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06 Conclusion
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