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Abstract—As a distributed energy storage system, smart home
energy (SHE) system can be used to reduce the consumption cost
of household users. Aiming at the optimal control SHE systems,
a novel multi-iteration adaptive dynamic programming (MIADP)
method is constructed. The present algorithm introduces three
iterations, namely, exterior iteration, local iteration and interior
iteration, to ensure that the iterative Q-function converges to the
optimal, and thus the optimal energy storage control scheme of
the SHE system with solar energy is obtained. Finally, the present
MIADP algorithm is illustrated by the experimental results.

Index Terms—Adaptive dynamic programming, smart home,
adaptive critic designs, energy management, optimal control.

I. INTRODUCTION

SMART home energy (SHE) systems are an evolution of

the present power grid structures due to the developing

demand of energy, the growing charge of fossil fuels, and

the improvement of new and progressive intelligent sciences

[1]. Generally, a SHE system is an energy internet which

is composed of energy storage equipments, power resources,

and load demand. The power resources generally contain the

power grids and the renewable resources which include solar

energy, wind energy, and so on. The researches on power

resource optimization focus on the power management of

the distributed renewable resources [2]. It is challenging to

construct the specific models for the SHE systems, which

arouses our research interest.

Adaptive dynamic programming (ADP) is an effective tech-

nique to solve optimal control problems for nonlinear systems

[3], and the kernel technology is to employ a critic module to

evaluate the performance and simultaneously direct the actor

to search a better control law. ADP has been employed for

solving the optimal energy management of the SHE systems

[4]–[6]. Inspired by [6], we consider developing a novel

method to achieve the optimal control of SHE systems.

In this paper, a new algorithm called MIADP is developed

for obtaining the optimal control of SHE with solar renewable

energy. The numerical results and the comparisons with the
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methods proposed by [2], [4], [7] will illustrate the effective-

ness and superiority of the present MIADP method.

II. PROBLEM FORMULATIONS

A. SHE System Description

The studied SHE system shown in Fig. 1 can be seen as an

energy internet composed of power resources, load demand,

and energy storage equipments.

Fig. 1. SHE System Structure.

The load balance is

El,κ = Ebl,κ + Egl,κ + Erl,κ, (1)

where κ is the time index, “l”, “b”, “g” and “r” denote “load”,

“battery”, “grid” and “solar renewable energy”, respectively.

We use Ebl,κ (kW) to denote the energy from the battery to

the load, and other notations have similar meanings. Besides,

we also have Eg,κ = Egl,κ+Egb,κ and Er,κ = Erl,κ+Erb,κ.

The battery model is

Ξb,κ+1 =Ξb,κ − Ebl,κ × η(Ebl,κ)

+
(
Erb,κ + Egb,κ

)× η
(
Erb,κ + Egb,κ

)
, (2)

where Ξb,κ (kWh) is the battery energy, and the efficien-

cy of battery is defined as η
(
Erb,κ + Egb,κ

)
= 0.898 −

0.173 |Erb,κ + Egb,κ| /Erate according to [4], where Erate is

the rated power.

Since the solar energy is free, it is first needed to meet

the load power supply, then be charged for energy storage
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equipment. Define the new renewable source and load as

Er,κ =

{
Er,κ − El,κ, El,κ − Er,κ ≥ 0

0, El,κ − Er,κ < 0
(3)

and

El,κ =

{
El,κ − Er,κ, El,κ − Er,κ ≥ 0

0, El,κ − Er,κ < 0
. (4)

The new load balance will be

El,κ = Ebl,κ − Egb,κ + Eg,κ. (5)

where Erb,κ satisfies Erb,κ = Er,κ.

B. Optimization Objectives

Let Cκ be the electricity rate. Based on (2)–(5), the perfor-

mance index function of the SHE is
∞∑
t=0

γt
(
β1(CκEg,κ)

2
+ β2(Ξb,κ − Ξo

b)
2

+β3(Ebl,κ − Egb,κ)
2
)
, (6)

where 0 < γ < 1, β1, β2 and β3 are positive constants, Ξo
b is

the middle of battery storage limit.

Let κ1,κ = Eg,κ, κ2,κ = Ξb,κ − Ξo
b , κκ = [κ1,κ,κ2,κ]

T
.

Let uκ = Ebl,κ − Egb,κ. The discrete SHE system function is

defined as

κκ+1 = S(κκ, uκ, t)

=

( El,κ − uκ

κ2,κ − (uκ − Erb,κ)η(uκ − Erb,κ)
)
. (7)

According to (6), defined the utility function as

U (κκ, uκ, t) = β1(Cκκ1,κ)
2
+ β2κ2,κ

2 + β3uκ
2. (8)

Based on the utility function, the optimal performance index

function satisfies the following Bellman equation:

J∗(κκ, t) = inf
uκ

{U (κκ, uκ, t) + γJ(κκ+1, κ+ 1)} . (9)

III. ITERATIVE ADAPTIVE CRITIC DESIGNS FOR SHE

SYSTEM

Assume that the energy data and electricity price of the

SHE system change periodically, with a period of θ = 24
hours. Redefine utility function as

Ψ(κτ ,Uτ ) =

θ−1∑
ε=0

γθU(κτ+ε, uτ+ε, ε), (10)

for τ ∈ {0, θ, 2θ, . . .}. Rewrite (9) as

Q∗(κτ ,Aτ ) =Ψ (κτ ,Uτ ) + ρ min
Uτ+θ

Q∗(κτ+θ,Uτ+θ), (11)

where ρ = γθ. The corresponding optimal control U∗(κτ ) =
argmin

Uτ

Q∗(κτ ,Uτ ).

Based on the preparations above, the MIADP algorithm is

developed with three iteration processes. The first iteration

is the exterior iteration, whose objective is to achieve the

optimum by updating the iterative Q function. Let U0(κτ )

denote the initial control law, the initial value function is

compute as

Q0(κτ ,Uτ ) = Ψ(κτ ,Uτ ) + ρQ0(κτ+θ,U0(κτ+θ)). (12)

Then, for i = 1, 2, . . ., the exterior iteration is proceeded

between

Ui(κτ ) = argmin
Uτ

Qi−1(κτ ,Uτ ) (13)

and

Qi(κτ ,Uτ ) = Ψ(κτ ,Uτ ) + ρQi(κτ+θ,Ui(κτ+θ)). (14)

For the second iteration process, let L = {L1,L2, . . .} be a

set of positive integers sequence. Define l1 = 0, 1, . . . ,L1−1.

For i = 1, there is

Q1,l1+1(κτ ,Uτ ) = Ψ (κτ ,Uτ ) + ρQ1,l1(κτ+θ,U1(κτ+θ)),
(15)

where Q1,0(κτ ,Uτ ) = Q0(κτ ,Uτ ). For i = 2, 3, . . ., define

Qi,0(κτ ,Uτ ) = Qi−1(κτ ,Uτ ) = Qi−1,Li−1(κτ ,Uτ ). (16)

Obtain Ui(κτ ) by (13), we have

Qi,li+1(κτ ,Uτ ) = Ψ (κτ ,Uτ ) + ρQi,li(κτ+θ,Ui(κτ+θ)).
(17)

The third iteration is the interior iteration to solve (13).

Define ji = 0, 1, . . . , θ − 1. Define

Q0
0(κτ , uτ ) = Q0(κτ ,U0(κτ )). (18)

The control law corresponding to (18) is computed as

u0
0(κτ ) = argmin

uτ

Q0
0(κτ , uτ ). (19)

Then, for i = 0 and ji = 1, 2, . . . , θ, the internal iteration is

proceeded between

Qji
0 (κτ , uτ ) = U(κτ , uτ , ji) + γQji−1

0 (κτ+1, u
ji−1
0 (κτ+1))

(20)

and

uji
0 (κτ ) = argmin

uτ

Qji
0 (κτ , uτ ), (21)

where we let

κτ+1 =

( El,θ−1−ji − uτ

κ2,τ − (uτ − Erb,τ )η(uτ − Erb,τ )
)
. (22)

and define the utility function as

Π(κτ , uτ , ji) = β1

(
C(θ−1−ji)κ1,τ

)2
+ β2κ2,τ

2 + β3u,τ
2.

(23)

For i = 1, 2, . . ., we let Q0
i (κτ , uτ ) = Qθ

i−1(κτ , uτ ). The

corresponding control law is

u0
i (κτ ) = argmin

uτ

Q0
i (κτ , uτ ). (24)
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Then, for ji = 1, 2, . . . , θ, the interior iteration is proceeded

between

Qji
i (κτ , uτ ) = Π(κτ , uτ , ji) + γQji−1

i (κτ+1, u
ji−1
i (κτ+1))

(25)

and

uji
i (κτ ) = argmin

uτ

Qji
i (κτ , uτ ). (26)

Hence, Ui(κτ ) can be obtained by

Ui(κτ ) =
{
uθ−1
i (κτ ), u

θ−2
i (κτ ), . . . , u

0
i (κτ )

}
. (27)

IV. NUMERICAL EXAMPLE

A. Preparation

Settings before simulations.

• The simulation period is one week (168 h).

• Let Ξb,κ ∈ [20, 80] kWh for safe use, and Ξb,0 = 50
kWh.

• Erate = 16 kW.

• β1 = 1, β2 = 0.4 and β3 = 0.2.

• γ = 0.99.

The periodic data of load, electricity price and the solar

energy are shown in Fig. 2 to Fig. 4, respectively, which are

taken from [2], [4].
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Fig. 2. Load demand

B. Results and Comparisons

Implement MIADP for i = 15 iterations. The convergence

curve in Fig. 5 shows that the Q-function converges after 10
exterior iterations. The corresponding optimal management

scheme of the SHE system is displayed in Fig. 6. We can

derive that, when the electricity rate is low, the battery charged

from the grid. When the electricity rate is high, the battery

discharge to meet the load, which reduces the power cost.

Besides, the solar energy is first meet the load, and the

remaining energy is charged for the battery.

To show the superiority of the MIADP algorithm, we

employed the PSO method [2], the TBQL method [4] and
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Fig. 3. Electricity rate
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Fig. 4. Solar energy

Fig. 5. Convergence trajectory of MIADP algorithm
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Fig. 6. Optimal management

the Dual QL method [7] for comparisons. Table I shows

the comparison results, which prove that implementing the

MIADP method can obtain better results. The effectiveness

and superiority of the MIADP are illustrated.

TABLE I
COMPARISON RESULTS

Original PSO TBQL Dual QL MIADP

Cost (cents) 2791.46 1795.96 1738.92 1717.32 1713.32

Saving rate 35.66% 37.71% 38.48% 38.62%

Iteration No. 200 30 10

Next, new simulation data is adopted. The two new sets

of solar energy data are displayed in Fig. 7 and Fig. 8,

respectively. The corresponding optimal management results

are shown in Fig. 9 and Fig. 10, respectively. When the solar

energy is small, it will be fully used to supply the load demand.

When the solar energy is large, a large amount of spilled

energy will try to fill the battery, but energy waste may occur.

V. CONCLUSION

In this paper, a multi-iteration ADP method is presented,

which can solve the optimal energy management problem

of SHE system with solar energy. Numerical results show

that the MIADP method can minimize the cost of the SHE

system and has better performance than other commonly used

energy control algorithms. In the future research, we will

consider how to deal with the possible surplus renewable

energy, prevent the generation of energy waste, and obtain

better economic benefits.
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