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Abstract— In this paper, a novel optimal energy storage control
scheme is investigated in smart grid environments with solar
renewable energy. Based on the idea of adaptive dynamic
programming (ADP), a self-learning algorithm is constructed to
obtain the iterative control law sequence of the battery. Based on
the data of the real-time electricity price (electricity rate in brief),
the load demand (load in brief), and the solar renewable energy
(solar energy in brief), the optimal performance index function,
which minimizes the total electricity cost and simultaneously
extends the battery’s lifetime, is established. A new analysis
method of the iterative ADP algorithm is developed to guarantee
the convergence of the iterative value function to the optimum
under iterative control law sequence for any time index in a
period. Numerical results and comparisons are presented to
illustrate the effectiveness of the developed algorithm.

Index Terms— Adaptive critic designs, adaptive dynamic pro-
gramming, approximate dynamic programming, solar renewable
energy, energy storage system, optimal control, energy storage.

I. INTRODUCTION

LONG with the development of smart grid, more and

more intelligence has been required in the design of
smart energy storage systems [1]-[3]. Energy storage systems
of the future will provide end users a better energy manage-
ment, reducing waste and advanced optimization technology.
Renewable energies, electricity load, and energy storage e-
quipments (battery) can be defined as smart energy storage
systems which are able to operate with physically islanded
[4], [5]. The intelligent optimal utilization of energy storage,
along with the development of computational intelligences, has
received much attention in recent years [6]—[8].

Adaptive dynamic programming (ADP) is an important and
powerful brain-like intelligent optimal control method [9]-
[20], due to its strong abilities of self-learning and adaptivity,
and has widely been applied to obtain the optimal control for
energy storage systems [21]-[24]. In [25], an action-dependent
heuristic dynamic programming (ADHDP) algorithm, which is
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also called ()-learning algorithm [26], was proposed to obtain
the optimal energy storage (battery) control law in achieving
minimization of the cost through neural network learning.
In [27], a time-based @)-learning algorithm was proposed to
obtain the optimal battery control law to minimize the total
electricity cost for energy storage systems, where the wind and
solar energies were taken into consideration. In [28], a particle
swarm optimization (PSO) algorithm was introduced to pre-
train the weights of the neural networks, which speeds up the
training of neural networks in ADP. In [29], a new event-
triggered ADP algorithm was proposed to obtain the optimal
frequency control law of the load.

In previous ADP algorithms for energy storage systems,
however, it is mainly focused on the structure improvements,
while the properties of the proposed ADP structures are
seldom analyzed. In this case, the optimality of the achieved
control scheme cannot be guaranteed. Second, the previous
ADP algorithms required that the time index ¢ reach infinity to
obtain the optimal performance index function, which means
that the optimal performance index function and optimal
control law are time-invariant functions as ¢ — oo. As the
electricity rate, the load demand, and the solar renewable
energy are generally time-variant functions, the converged
time-invariant functions cannot effectively approximate the
optimal performance index function and optimal control law
of the energy storage systems. In [30], without considering
the renewable energy, a dual iterative ()-learning algorithm
of ADP was proposed to obtain the optimal battery control
policy for energy storage systems, where it was proven that
the iterative ) function is convergent to the optimum, as the
iteration index increases to infinity. Considering the renewable
energy, it presents a more complex scheme comparing with
[30], where the optimal decisions for the power flows should
cover all the possibilities for the renewable energy resource,
the load, and the battery. Hence, the ADP algorithm and
the property analysis in [30] cannot directly be applied to
energy storage systems with renewable energy. A new ADP
algorithm with new property analysis methods is necessary for
the optimal battery control of the energy storage systems with
renewable energy. This motivates our research.

In this paper, inspired by [25], [27], [30], a new iterative
ADP algorithm is developed to obtain the optimal battery con-
trol for energy storage systems with solar renewable energy.
According to the data of the electricity rate, the load, and the
solar energy, the energy storage system is described and the
optimization objective is established. Based on the established
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system, the iterative ADP algorithm is implemented, where in
each iteration, an iterative control law sequence of a period is
obtained instead of a single control law. Next, the properties
of the iterative ADP algorithm are analyzed. As the iteration
index increases to infinity, we emphasize that the iterative
value function for any time index in the period is proven to
converge to the optimal performance index function. Finally,
numerical experiments and comparisons are presented to show
the effectiveness of the iterative ADP algorithm.

II. PRELIMINARIES AND ASSUMPTIONS

In this section, the energy storage system with renewable
energy, i.e., solar energy, is described and the optimization
objective of our research will be defined.

A. Notation

The list of used notations is reported as follows.
k,t Time indices.

1,7 Iteration indices.

Fok Battery energy (kWh).

fmin /pmax Minimum/maximum storage energy of
the battery (kWh).

9(+) Charging/discharging efficiency of battery.

Trate Rated charing/discharging power of the
battery (kW).

en Power supply of the grid (kW).

Tk Power of the load (kKW).

TRk Power of the renewable resource (kW).

TRL k Power from the renewable resource to the
load (kW).

TrB.k Power from the renewable resource to the
battery (kW).

Tark Power from the power grid to the load
(kW).

TeBk Power from the power grid to the
battery (kW).

TBL.k Power from the battery to the load (kW).

A Periods of the load, electricity rate, and
the renewable resource.

GHI, Global horizontal irradiance received on a
horizontal surface (kWh/m?).

Vpv the efficiency of the PV.

Apv the total area of the PV panel (m?).

Ck Electricity rate (cents/kWh).

13 Middle of storage limit (kWh).

a, 5,0 Given positive constants in performance
index function.

vy Discount factor.

Tk System state.

U, Control input.

Uy, Control law sequence from & to oo.

Uy, Control sequence in a period.

U) Control law sequence in a period.

F(-), #(-) System functions.

Z(-), 7 (-) Utility functions.

J() Performance index function.

V() Iterative value function.

U() Initial iterative value function.

B. Energy Storage System With Solar Renewable Energy

The energy storage system with solar renewable energy
is described in [27], [28], which is shown in Fig. 1. It is
composed of the power grid, the solar renewable energy (solar
energy in brief) resource, the load demand (load in brief), and
the battery system. In the energy storage system, the solar
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Unidirectional Unidirectional Bidirectional
Power Flow Power Flow Power Flow
w

Power Management Unit

Unidirectional
Power Flow .
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Fig. 1. Energy storage system with solar energy

energy can (i) meet the load; (ii) charge the battery. The battery
can (i) charge from the grid; (ii) charge from solar energy
resource; (iii) discharge to meet the load; (iv) idle. There are
three power flows to meet the load, including the power grid,
the renewable resource, and the battery, where the load balance
can be defined as

Toe=Troe +Tark +TBL k- (H
The balance of the power grid can be defined as
Tor=Tork + Tk 2

In this paper, the renewable energy, i.e., solar energy, is
considered. The power of the solar energy depends on position
of the sun in the sky and hence the estimated total solar energy
varies in each hour of a day. A typical solar panel characteristic
is chosen as in [27], [28], [31]. The solar energy in first week
of August 2014 in San Francisco is shown in Fig. 2(a). The
average solar energy in a day is shown in Fig. 2(b). The power
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Fig. 2. Solar energy in San Francisco. (a) Solar energy in 168 hours. (b)
Average solar energy in a day.

output for a photovoltaic (PV) panel [27], [32] at £k = 0,1, ...
can be expressed as T = GHI} - ¥y - Apy, where ¥,y is
included in the range [0, 1]. In this paper, as the solar energy
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can meet the load and charge the battery, the energy balance
of the solar energy can be expressed as

Trk = Trrk + TrRB.k- 3)

C. Battery Model

The battery model used in this work is based on [25],
[33], [34], where battery efficiency is considered to extend
the battery’s lifetime as far as possible. Under the situation
that the battery cannot charge and discharge simultaneously,
the battery model can be expressed as

Fort1 =For — Torx(0.898 —0.173T5L 1/ Trate)
+ (TRB,k + TGB,k)(O.898 — 0-173(TRB,k
+ TG’B,k)/ﬂate)- (4)

In this paper, for the convenience of analysis, the battery self-
discharge is not considered. The storage limits are defined as
following

PP < g < PP @)

D. Assumptions and Optimization Objectives

For convenience of analysis, results of this paper are based
on the following assumptions.

Assumption 1: The power flow from the energy storage
system to the grid is not permitted.

Assumption 2: The electricity rate, the load, and the solar
energy are periodic functions with the period A = 24 hours.

From Assumption 1, we can get 7y, > 0. According to
Assumption 2, the parameters Cy, 77, %, and Tg ) satisfy

Cr = Chon, To b = Tr k2 TR = TR k42 (6)

Inspired by [30], the performance index function, which is
expected to be minimized, is expressed as

> A (Oé(CkTGL,k)2 +B(Fow —F3)*
k=0
+0(TeBx + TaB.k — TBL,k)Q)a @)

where F§ = $(F ™ + F ") is the middle of storage limit.
The first term of the performance index function aims to
minimize the total cost from the grid. The second term avoids
fully charging/discharging of the battery and the third term is
to prevent large charging/discharging power of the battery.

III. ITERATIVE ADP ALGORITHM FOR ENERGY STORAGE
SYSTEMS WITH SOLAR ENERGY

In this section, a novel iterative ADP algorithm is developed,
which aims to maintain the energy storage systems at the
optimum operating point under the solar energy.

A. System Establishment and Algorithm Derivations

As the solar energy is cost free, the energy of the renewable
resource, first and foremost, is desired to meet the load and
the rest of the energy is desired to charge the battery. Thus,
we can derive that

| Trks Toe—Trir >0,
Trek = { Toks Togpe—Trie <0, ®)
and
_ 0, Toke — Trik =0,
Trp = { Trie —Tok, Tox— Tri <O0. ©)

According to (2) and (9), the load balance (1) can be
rewritten as 21, = Ta.x + (Terkx — Tap,k)- The renewable
energy to charge the battery is Pry = Tryr — Tk for
Trr — Toe > 0, and Pry = 0 for Tpp — T < 0.
For convenience of analysis, we introduce delays in Zp g,
Tsrrx and Tap k. Then, we can define the load balance as
Pri—1 = Tar + Terk—1 — Tak—1. Let x1 = Tak
and x2 = Fpr — F§ be the two system states. From the
model of the battery, we know that the power flows T i,
and Tpr . are nonnegative values, ie., Tgpir > 0 and
Tr,x => 0. As the battery is not permitted to charge and
discharge simultaneously, we know T, =0, if Tgpr >0
and Tgp,r =0, if Tpr r > 0. Then, we can define the control
input as u, = 'YdBLJC — TGB,k- Letting zj, = [xl,k,xg,k}-r, the
equation of the energy storage system can be written as

Th+1 = F(xk, Uk, k’)
Pk — Uk

_ . (10
( ok — (U — Pri)(ur — Pri) > (10)
where 19(’U,k — f@RJC) = 0.898 — 0173|uk — f@R,kV'ﬁate. Let
uy, = (U, Ug+1,...) denote the control sequence from k& to

2
co. Let M, = O‘gk 0

According to the definitions of the states and controls, the
performance index function can be written as J(zg,u,,0) =

and let xy be the initial state.

S %L (21, ur, k), and the optimal performance index func-
k

=0
tion satisfies the following Bellman equation

J* (k. k) = inf { L (xp, up, k) + v (@41, k+ 1)}, (A1)
Uk

where £ (), uk, k) = o] My + dus.

In the following, the detailed derivations of the iterative
ADP algorithm is presented. First, according to (10), for j =
0,1,...A — 1, we define a new system as

Tr+1 = ’gz(zkvukhj)

( PrLa—1—j — U >
zo i — (U — Pra—1—j)ug — Pra-1—j) )
(12)

For j =0,1,...,A—1, we let
U (wr, un, j) = xf Mx_1_jzp + 6uf,

Oé(C)\_l_j)2 0

0 B
tive value function W (xy) be an arbitrary positive semi-definite
function. For ¢ = 0,1,... and 5 =0,1,..., A — 1 be iteration

(13)

where My_1_; = . Let the initial itera-
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indices. For ¢ = 0 and j = 0, the initial iterative value function
is defined as V(zx) = V(). Then, for j =0,1,..., A —1,
the iterative control law is obtained by

vp () = argmin{ % (wy, up, ) + AV (x40)}, - (14)
where z;11 = F(xk, uk, j) is defined in (12) and the utility
function % (1, uy,j) is defined in (13). According to the
iterative control law v} (z), we can update the iterative value
function by

Vi () = % (o, ) (), 5) + VG (F (i, v (1), 5).-
(15)

For i = 1,2,..., we let V() = V2 ,(xx). Then, for
i =1,2,..., 5 = 0,1,...,A — 1, the iterative control law
is obtained by

vl () =arg%iﬁ{%($k,uk,j) + AV (k1)) (16)

and the iterative value function is updated by

VI (k) = % (o] (1), ) + 9V (F (] (2), ).
a7

Then, for any ¢ = 0,1,... and 5 = 0,1,...,A — 1, we can
construct the periodic iterative control law sequence by

U (wy) = {o] (wn), 0l @),
CA(CTN ”gH(l"k)}'

Remark 1: The developed iterative ADP algorithm (14)—
(17) possesses inherent differences comparing with the it-
erative (Q-learning algorithm in [30]. First, in [30], without
considering the solar energy, the iterative ()-learning algorithm
was developed to obtain the optimal battery control for the
energy storage system. In this paper, the solar energy is clearly
considered in the iterative ADP algorithm (14)—(17), which
displays a more complex system. Second, in [30], the iterative
Q function, which contains both state and control information,
was constructed. In this paper, the iterative value function
V7 (xr) is only the function of state. Hence, the computation
quantity for updating the iterative value function is smaller
than the iterative () function in [30]. Third, in [30], it was
required that the time index satisfied k& € {0,\,2\,...}
to construct the ()-learning algorithm, while in this paper,
the time index is kK = 0,1,.... Furthermore, in [30], the
properties of the iterative @ function for & € {0, \,2X,...}
were analyzed, which lacked analyzing the properties for
other time index. Thus, we say that the analysis in [30] is
not complete and may not be applicable. For the developed
iterative ADP algorithm in this paper, a new analysis method
will be presented.

,U?(Ik), vz’)\_l(xk)a

(18)

B. Property Analysis

In this subsection, the properties of the iterative ADP
algorithm (14)—(17) will be analyzed. It will be shown that
the iterative value function will converge to the optimum as
the iteration index increases to infinity. First, we will analyze
the property of the optimal performance index function. It will

be shown that the optimal performance index function is a
periodic function under the assumptions in this paper.

Theorem 1: If Assumptions 1-2 hold, then for any state
ri, k = 0,1,..., the optimal performance index function
J*(zk, k) satisfies

T (xp, k) = T (zk, k + N). (19)

The proof of Theorem 1 is shown in Appendix I. From
Theorem 1, we know that the optimal performance index
function is a periodic function with the period A = 24.
Next, the convergence of the iterative value function will be
analyzed. It will be proven that the iterative value function
converges to the optimum as the iteration index increases to
infinity.

Theorem 2: For i+ = 0,1,... and 57 = 0,1,..., A — 1, let
V7T (x),) and v!(x;) be obtained by (14)—(17). If Assump-
tions 1-2 holds, then for any j = 0,1,..., A — 1, the iterative
value function Vl-j + (zx) converges to its optimal performance
index function as 7 — oo, which satisfies

lim V7 (x) = J* (@, A — 5 — 1).
21— 00
The proof of Theorem 2 is shown in Appendix II.

(20)

IV. NUMERICAL EXPERIMENTS

In this section, numerical experiments and comparisons will
be displayed to show the performance of the iterative ADP
algorithm. The profiles of the real-time electricity rate and the
load are chosen from ComEd Company in [35] and NAHB
Research report in [36], respectively. The trajectories of the
electricity rate and the load in 168 hours (one week) are shown
in Figs. 3(a) and (c), respectively. The average trajectories
of the electricity rate and the load are shown in Figs. 3(b)
and (d), respectively. In this paper, the average electricity rate,
average load, and average solar energy are used as the periodic
functions with the period A = 24 to implement the iterative
ADP algorithm.

s 4

Rate (cents/kWh)
w & s
Rate (cents/kwh)
© N

o 50 100 150 0 5 10 15 20 25

Load (kW)
Load (kW)

o 50 100 150 o 5 10 15 20 25
Time (Hours) Time (Hours)
© @

Fig. 3.  Electricity rate and load power. (a) Electricity rate for 168 hours.
(b) Average electricity rate. (c) Load for 168 hours. (b) Average load.

Choose the capacity of the battery as 16 kWh. The rated
power of the battery is 3 kW. Let the lower and upper storage
limits of the battery be F" = 2 kWh and F® = 14
kWh, respectively. Let v = 0.95. The initial level of the
battery is 9 kWh. Let the performance index function be
expressed as in (7), where we set « = 1, § = 0.3 and
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§ = 0.2. Choose the initial function as W(zy) = z] Py,
where P = [2.05, 0.11;0.11, 8.07]. Let the initial state be
zo = [1,9]T. After normalizing the data of the electricity
rate, the load, and the solar energy [26], we implement the
developed iterative ADP algorithm for ¢+ = 15 iterations to
make the iterative value function convergent. The simulation
plots of the iterative value function V; (zy) fori =0,1,...,15
and j = A — 1 are shown in Fig. 4. The trajectory of the
iterative value function V;/ (x) at zo is shown in Fig. 5. From
the simulation results, for any j = 0,1, ..., A —1, the iterative
value function is convergent after 15 iterations, which justifies
the correctness of the developed algorithm.

Herative value function

Fig. 4. The plots
and j = —1

Fig. 5. The trajectory of the iterative value function Vij (z1) at zo

After ¢+ = 15 iterations, the optimal battery control law for
the energy storage system is achieved. The optimal battery
control in 168 hours is shown in Fig. 6. The plot of the
optimal battery energy is shown in Fig. 7. From Figs. 6 and
7, for different time indices, the optimal battery control law
is different and the optimal charging/discharging power of the
battery at each hour is obtained.

To show the superiority of the developed iterative ADP
algorithm, three traditional optimal control methods, including
time-based @-learning (TBQL) algorithm [25], [26], particle
swarm optimization (PSO) algorithm [28] and model predic-
tive control (MPC) algorithm [37], [38], are employed for
numerical comparisons. In the TBQL algorithm [25], [26], for
k = 1,2,..., the iterative control law is designed to satisfy
the following optimality equation

Q(xkflvukfla k— ]-) = U(xkvukv k) + Q(xkvukv k) (21)

Optimal battery charging/discharging power (kW)

100 120 140 160

20 a0 60

80
Time (Hours)

Fig. 6. Optimal battery control with solar energy

Battery Energy (Wh)

60 00

80 x
Time (Hours)

Fig. 7. Optimal battery energy in 168 hours

We implement the TBQL for 150 time steps, which makes the
@ function converge.

In PSO algorithm [28], the movement of each particle
naturally evolves to an optimal or near-optimal solution. Let G
be the swarm size. The position of each particle is represented
by xi, {=1,2,...,G and its movement by the velocity vector
vﬁ. Then, the update rule of PSO can be expressed as

¢ 0 ¢
T =Ty TV
¢ T ¢ 4 T ¢
vy = wrg_y +randipy (p° — x)_q) + randapy (pg — Tj_q)-

(22)

Choose the swarm size G = 30. Let the inertia factor be w =
0.7. Let the correction factors p; = pg = [1,1]7. Let rand;
and randy be random numbers in [0, 1]. Let p’ be the best
position of particles and let p, be the global best position. We
implement the PSO algorithm for 120 iterations, which makes
the performance index function minimized.

Within the MPC framework [37], [38], it is to solve the
optimization problem at the current time step £ = 0,1,....
In the MPC, the receding horizon control algorithm [38] is
employed to obtain the optimal battery control law. For k =
0,1, ..., the finite horizon value function is expressed as

k+T

V(e k) = Y 7L (@r,ur,7), (23)
7=k

where we let v = 0.95 and 7" = 20. In each receding horizon,
the shooting method and sequential quadratic programming
[39] are used to obtain the current optimal control law, where
the terminal value function is set as V(zgy7,k +T) = 0.
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Based on the TBQL, PSO, MPC and the iterative ADP
algorithm, the comparisons of the power supply from the grid
is shown in Fig. 8(a). The comparisons of the battery power
supply is shown in Fig. 8(b). The battery charging power and
the real-time cost comparisons for TBQL, PSO, MPC and
the iterative ADP algorithm are shown in Figs. 8(c) and (d),
respectively.

g1 Iterative ADP —-=-— TBQL —#%— MPC Pso| i [ Iterative ADP —-=+— TBQL —#— MPC Pso|
z 2 ﬁ B1s
2 g
£
A A AR
= $ 1 i * : i
AN AR P
2 3 7' & i A Al Sos E 1 J“
5 05 ¥ ¥ TN " ) N o
: : o ledlef L
[ S o it ,u W L q
0 50 100 150 50
Time (Hours) Time (Hours)

(@) (b)
s 0 \ri u‘fﬂ ,LH@ 1 lew-lf "jﬁ# j\j Uy | ,Q ] ‘ Original lterative ADP —*~-— TBQL —#— MPC r—vso‘
= | 2
5 » 4 4 { {1 | g
Foof 1 , [ I i 8
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2 R i [ 8
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2 =
g1 g
g Iterative ADP —+=-= TBQL —*— MPC PSO‘
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(© (d)

Fig. 8. Simulation comparisons. (a) Power supply from the grid. (b) Power
supply from the battery. (c) Charging power of the battery. (b) Real-time cost.

From Figs. 8(a)—(d), when the electricity rate and the load
demand are low, comparing with TBQL, PSO and MPC
algorithms, the iterative ADP algorithm reaches the maximum
power supply from the grid to charge the battery. When the
electricity rate and the load demand are high, the iterative
ADP algorithm supplies the maximum battery power to meet
the load demand and thus, iterative ADP algorithm reaches
the minimum real-time cost comparing with TBQL, PSO and
MPC algorithms. On the other hand, when the solar energy
is high, it directly meet the load demands, which prevents
the power from the grid and the battery. Using the iterative
ADP algorithm, the grid and battery supply powers are the
minimium when the solar energy is high, comparing with
TBQL, PSO and MPC algorithms. Thus, using the iterative
ADP algorithm, the minimum cost can be achieved. T
total cost comparisons of the TBQL, PSO, MPC, and t
iterative ADP algorithm are shown in Table I, which verifi
the superiority of the developed ADP algorithm.

TABLE I
COST COMPARISON

Original TBQL PSO MPC  Iterative AL
Total cost (cents)
in San Francisco  682.46 45432 47799 467.93 441.27
Saving (%) 33.48 30.01 31.49 35.43
Total cost (cents)
in Boston 459.19 474.14 465.34 438.95
Saving (%) 32.72 30.52 31.81 35.68

Now, we choose solar energy in first week of August 2014
in Boston [27], [28] to verify the effectiveness of the iterative
ADP algorithm. The solar energy in a week is shown in Fig.
9(a) and the average one is displayed in Fig. 9(b). Let the rate

and load data be the same as in Figs. 3(a) and (c), respectively.
Implementing the iterative ADP algorithm for 15 iterations,
such that the iterative value function converges to the optimum.
The plots of the optimal battery control and optimal battery
energy are shown in Fig. 9(c) and (d), respectively, where the
optimal battery control law can be achieved. TBQL, PSO, and
MPC methods are also employed for comparisons. Based on
the new solar energy, the comparisons of the power supply
from the grid is shown in Fig. 10(a). The comparisons of
the battery power supply is shown in Fig. 10(b). The battery
charging power and the real-time cost comparisons for TBQL,
PSO, MPC and the iterative ADP algorithm are shown in
Figs. 10(c) and (d), respectively. It can be seen that when
the electricity rate and the load demand are low, the iterative
ADP algorithm reaches the maximum power supply to charge
the battery comparing with TBQL, PSO and MPC algorithms.
The grid and battery supply powers are the minimium using
the iterative ADP algorithm, when the solar energy is high.
The total cost comparisons of the TBQL, PSO, MPC, and the
iterative ADP algorithm under the new solar energy are shown
in Table I, which can verify the superiority of the developed
ADP algorithm.
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Fig. 9.  Solar energy in Boston and control results. (a) Solar energy in
Boston. (b) Average solar energy. (c) Optimal battery control. (d) Optimal
battery energy.
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Fig. 10. Simulation results. (a) Optimal battery control by MPC. (b) Battery
energy by MPC. (c) Real-time cost comparison. (d) Trajectory of Vi] (zg) at
xo without solar energy.

Next, we choose new simulation data to justify the correct-
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ness of the developed iterative ADP algorithm. The new solar
energy in 168 hours is shown in Fig. 11(a), which is double
power of the one in Fig. 9(a) with modifications. The average
solar energy is shown in Fig. 11(d). The new electricity rate
[40] and the load [25] are shown in Figs. 12(a) and (c),
respectively. The average electricity rate and load are shown in
Figs. 12(b) and (d), respectively. Define the parameters of the
battery as in [25], where the capacity of the battery is defined
as 100 kWh and the rated power of the battery is 16 kW. Let
the upper and lower storage limits of the battery be f ™ = 20
kWh and F*** = 80 kWh, respectively. Implementmg the Fig. 13. The trajectory of the iterative value function Vij (zx) at zo
iterative ADP algorithm for 20 iterations based on the new
data, the trajectory of the iterative value function is shown
in Fig. 13, where the iterative value function is convergent
to the optimum. The optimal battery control is shown in Fig.
14, where the battery charges in the hours that electricity rate,
the load are low and the solar energy is high. The battery
discharges in the hours that electricity rate and the load are
high and the solar energy is low. Thus, the correctness of the
developed iterative ADP algorithm can be verified.

Herative value function

10

Battery charging/discharging power (kW)

a0
Time (Hours)

Fig. 14.  Optimal control of the battery in 168 hours

Solar energy (kW)

20 a0 60 80 100 120 140 160
Time (Hours)

o ADP algorithm is initialized by an arbitrary positive semi-

G definite function. In each iteration i = 0, 1,..., the iterative

] control law sequence is obtained, instead of obtaining a single

iterative control law. According to the data of the electricity

) ‘ rate, the load and the solar energy, it is proven that the

S iterative value function converges to the corresponding optimal

B performance index function as the iterative index increases to

Fig. 11. Simulation results. (a) Optimal battery control without solar energy. ~ infinity. Finally, numerical experiments and comparisons are

(b) Optimal battery energy without solar energy. (c) Solar energy in 168 hours.  shown to justify the effectiveness of the developed iterative
(d) Average solar energy. .

ADP algorithm.

Solar energy (kW)
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7 7 APPENDIX [
ge ge PROOF OF THEOREM 1
35 35
8, g, For any E = 0,1,..., let g;; = (uf,ufyq,...) be
R s the optimal control sequence, which is expressed as uj =
2 2 . .
T e, T arginf,, { St k L(xy,uy, )} The optimal performance
(a) (b) t=k
. index function J*(zy, k) in (11) can be expressed as
_ _ oo
3 ge
= = J*(.’L'k7k) inf Z = kg xtautat)}
Sl I S Uy,
2] 1k 181 t=k
{ & { { 4 [ee]
: , 2 a(C 0
S?Hme(HzouDvs) . °e Tiri\Oe(Hol\frs) »o® Z ( |: (Ot) B :| CC: + §U:Tu:) )
(©) (d) t=k
: . . (24)
Fig. 12.  Electricity rate and load. (a) Electricity rate for 168 hours. (b)
Average electricity rate. (c) Load for 168 hours. (d) Average load. where the system state xlt-&-p’ p=0,1,..., satisfies
*
Thtp+1

F(:L';:—&-p? uz-‘,—pa k =+ p)

_ *
In this paper, a new optimal battery control scheme is ( '%kaﬂ’ u*k+p . >’
obtained for the energy storage systems with solar energy Loktp — (uk+p -7 R7k+p)19<uk+p ~ PR k+p)
via an effective iterative ADP algorithm. The present iterative (25)

V. CONCLUSIONS
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and zj = xj. According to (8)—(10) and Assumption 2, we
can derive ‘@L7k+p = ‘@L7k+p+>\’ and 9R7k+p = gR,k—&-p-{-)\-

On the other hand, the performance index function
J(zg, k + X) can be expressed as

J(zp,k+ )
(Cs2)” 0

:th—k (mf { a 0 3 } T+ 5ufut>7 (26)
t=k

where for p = 0,1, ..., the state x;4,41 satisfies

Th+p+1
= F(Tkqp, Uktp, kK + X+ D)

— PLktpr — Uktp
= PRup NV (Uksp — PR k4piA)

T2, k+p — (Uktp
(27)
Substituting uj; into (27), for p = 0,1,..., we can get
Th+p+1
_ <<@L,k+p+>\ — Upip >
* * *

Lo ktp — (uk+p - '@R,k'i‘P‘i‘A)ﬂ(uk—l-p - gZRJC‘HH-)\)
— < ‘@ka'ﬁn - U2+p >

x;,k—&-p - (ult—o—p - '@RJC‘H?)ﬁ(UZ—&-p - ‘@Rykﬁ‘p)

= F(&) 4 ps Upyps K+ )
T (28)

As the optimal performance index function J*(xg,k + A)
can be expressed as

J*(Ikak+)\) _lnf{zﬂytk"iﬂ('xhuht_FA)}a (29)
LN
according to the definition of wuj, we can
o = aminhy { 502 -
t=k
arginf, { SR L (g, ug, t + ) where for
p = 0,1,..., Thtpt1 = F(Thip, Uktp bk + X+ p) =

F(%tp, Uptp, k + p). Thus, we know that the control
sequence wu; is the optimal control sequence for the
performance index function (26). Hence we can obtain

T* (@ b+ A)

it { i Jioh (xtT [ <CtO+A>2 ’ } vt 5utTut> }

i { LAl (a [ 6" § e+ autus) }
=J"(xg, ) 30)

The proof is complete.

APPENDIX II
PROOF OF THEOREM 2
According to Assumption 2, Ck, Trx, and Tg satisfy
(6). According to (16) and (17), for ¢ = 1,2,... and j =
0,1,...,A — 1, we can derive the equation (31) in the next
page, where u“)‘ U= (s g1y -+ s U re1)-

From 31, the utility function
)\Zl VL (Tppty Ut A —J — 1+ 1) is independent
W1th i. For j = 0,L,...,A0 — 1, we let
(g, Uy, j) = tio’)’tg(fk-s-t, Uptt,J — 1)  +
A—j—1

;::0 YL (@hgjts Unpjpe A —t) and T(ag,Uy,j) =

where we let

A—1

3N L (Tt Ui A — § — L 41),

t=0

U, = g’i“‘fl. Then, equation (31) can be written as
VA () + AV (@)}

— mln{l"(xk,l/lk, )—|—’yV7+ (k4 1}

= mln{H(xka Z/Ik, ])
(32)

where v = 'y’\. From (32), we can derive that
V;J:ll( k) = mln{F(xk,Uk, ) + AV (@)}
= mln{F(l’k,Uk,J) + min{I(zgx, U, + A)
U, U+

+ -+ min {T(zgix, U rin, § + M)

Uk+ix

+ WZ+1V]+ (Trgrna) ) 3}

{ Z F(l‘k-‘rT}\? Z/{k+7'k7.j)
=1

= min
k41X
U,

+’~YH1Vbj+1($k+(i+1)A)}a

where Uyt = (Uy,Ups1, . ... Urtin). On the other hand,
according to Theorem 1, we can obtain

J (xp, A —j—1)
— min {D?(J;k,uk,)\ 1)
U,

(33)

+ v min {$($k+1,uk+17)\ —J)

Uk+1

+y min {f(a:k+)\_1,uk+>\_1,2)\ -7 — 2)

Uk+X—1

R EACTIER S S Rl SRy
:min{F(xk,Uk,j) + AT (g, 20— j — 1)}

_mm{F(xk,L{k, ) + AT (Xpea, A —J — 1)}

= min { ZF(IHM,UHTAJ)
T=1

k—4iX
u

AT @r e A =5 = D (34)

From (33) and (34), it is desired that for any j = 0,1,...,A—
1, the iterative value function szll (zx) converges to the
optimal performance index function J*(xzp, A — j — 1) as
the iteration index ¢ — oco. As initial value function ¥(xy)
is finite for any state x, we can derive VJ ™' (x;) is finite
for any j = 0,1,..., X — 1. Then, for functions J*(xy, A —
§ — 1), T(xp,Up,5), and VI (z), inspired by [41], [42],
it is assumed that (, (, o and @ are constants that satisfy
QF($k,Mk,j) < AT (@par, A — F — 1) < (T(xg, Uy, 7),
o J* (@, A—1—75) < VI () <FJ* (g, A— 1 —j), where
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Vj+1(l‘k)
:Hiin{%(xkvukaj) +7‘/Zj(xk+l)}
—min {@/(Jﬁk,uk’j) +7H;in {%($k+1vuk+1aj 1)+ +7Hkliﬂ {%(zk+jvuk+ja0) + ”YViO(Jﬁkﬂ)} e }}
u Ukt+1 Ukt j
=min {%(xk»ukvj) + 7 min {%(xk+1auk+1aj —1)+-- +ymin {%(karjvukJrjaO) + WV-i1($k+j)} e }}
Uk Uk+1 Ukt
=min {%(mk,uk,j) + v min {%($k+17uk+1,j —1)+- -+ ymin {%(mk+j7uk+j, 0)
Uk Uk+4+1 Uk 45
+~ min {%(xk+j,uk+j,)\ —1)+---4 min {@/(wk+,\_1,uk+>\_1,j +1) —|—ﬂ/ijjl(xk+)\)} e }} .. }}
Uk+j+1 Uk4+X—1
=min {f(xhuk, A—j7—1)+ymin {Z(xkﬂ,ukH, A—j)+ -+ ymin {f(xkﬂ,ukﬂ-,)\ -1
Uk Uk+1 Uk +j
+ Y min {$($k+j,uk+j,/\) + -+ min {X(xk+)\,1,uk+>\,1,2)\ —j - 2) + ’)/V;-jj_ll(l'k+)\)} s }} R }}
Uk+4j+1 Uk+X—1
-1
= min, { > AL @k urg A =G — 1+ 1) + ’Y/\Vij—ﬁl(xkﬂ)} €Y
K t=0

0<(<({(<ooand0<¢g<1<7 < oo. Leti=1.For

any 7 = 0,1,..., A — 1, according to the idea in [41], [42],
we can obtain

Vit () = min {T(an, U, ) + AV (2nsn) )
k

<min {T(zp,Up, §) + 7T (p4r, A — 5 — 1)}
k

<uin { (1+ =) Naws s )

S
+ (5 (j;é))’?J*(xH/\,A —Jj- 1)}
_(1+(1"+<L))J*<xk,x—j—1> (35)

According to mathematical induction, we can obtain

<1+H>J*(xk, A—j—1) < VI (@)

(1+¢
71 § ,
< (1 + ”)J (T, A—j—1). (36)
(I+¢ )
Letting © — oo, we can obtain (20), which completes the

proof.
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