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Abstract: An optimal control scheme is obtained for a class of nonlinear discrete time-delay systems in this paper. Based
on adaptive finite-horizon dynamic programming (ADP) algorithm, we focus on two different initial control conditions,
and then the value iteration method is used to get the iterative performance index function and iterative control. Two
neural networks, which are named as critic network and action network are used to approximate the performance index
function and compute the optimal control policy. The iteration termination error and the performance index function are
analyzed based on different initial states. In the simulation study, we analysis the control results of different initial states
and different maximal iterative steps.
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1 INTRODUCTION

If delays are contained in control systems, the control effi-
ciency will be degradation or even the systems are instabil-
ity [1]. So many works in various research areas are pro-
posed for systems with time delays, such as electrical sys-
tems, chemical engineering systems and networked con-
trol systems [2]. We know that the controllability of lin-
ear time-delay systems are studied in [3, 4]. But, since the
nonlinear systems are too complex to design the optimal
control. Therefore, we want to develop a new method to
obtain the optimal control of time-delay systems based on
finite ADP algorithm.
Adaptive dynamic programming (ADP) is used to solve
the optimal Hamilton-Jacobi-Bellman (HJB) equation for
nonlinear systems [5–7], which is often unable to com-
mutate to use dynamic programming [8, 9]. Up to now,
ADP algorithms are successfully applied in multi-objective
optimal control problems [10], self-learning optimal con-
trol problems [11], multi-battery coordination control prob-
lems [12,13], optimal control problems with finite approxi-
mation errors [14], etal. Note that, in [15], based on a novel
HDP algorithm for a class of nonlinear discrete-time sys-
tems with time delays, an optimal tracking controller was
proposed. In [16], according to discrete-time nonlinear sys-
tems ADP algorithm, a finite-horizon optimal control was
solved. Above the research results of [16], optimal control
problems for nonlinear systems are discussed in [17, 18]
by time-delay HJB equations. In [19], neurocognitive psy-
chology is used to deveiop a novel controller based on mul-
tiple actor-critic structures for unknown systems. This con-
troller traded off fast actions based on stored behavior pat-
terns with real-time exploration using current input-output
data.
In this paper the optimal controller is designed based on the
original time-delay systems, directly. Consider the two dif-
ferent initial control conditions, two iterative processed are

established. They are have iterative control, iterative state
and iterative performance index. Neural networks are used
to get the approximate performance index function and the
control policy. We emphasis the control effects by the dif-
ferent initial states and different maximal iterative steps.
This paper is organized as follows. In Section 2, the prob-
lem formulation is presented. In Section 3, the nearly
finite-horizon optimal control scheme is developed based
on iteration ADP algorithm. In section 4, the conver-
gence proof is given. In Section 5, two examples are given
to demonstrate the effectiveness of the proposed control
scheme. In Section 6, the conclusion is drawn.

2 Problem Statement

Consider a class of deterministic time-delay nonaffine non-
linear systems

𝑠(𝑡+ 1) =ℱ(𝑠(𝑡), 𝑠(𝑡− 𝑙1), ⋅ ⋅ ⋅ , 𝑠(𝑡− 𝑙𝐿), ℎ(𝑡)),

𝑠(𝑡) =𝜒(𝑡), −𝑙𝐿 ≤ 𝑡 ≤ 0 (1)

where 𝑠(𝑡) ∈ ℜ𝑛 is state and 𝑠(𝑡− 𝑙1), ⋅ ⋅ ⋅ , 𝑠(𝑡− 𝑙𝐿) ∈ ℜ𝑛

are time-delay states. ℎ(𝑡) ∈ ℜ𝑚 is the system input. 𝜒(𝑡)
is the initial state, 𝑙𝑖, 𝑖 = 1, 2, ⋅ ⋅ ⋅ , 𝐿, is the time delay, set
0 < 𝑙1 < 𝑙2 < ⋅ ⋅ ⋅ < 𝑙𝐿, and they are nonnegative integer
numbers. ℱ(𝑠(𝑡), 𝑠(𝑡− 𝑙1), 𝑠(𝑡− 𝑙2), ⋅ ⋅ ⋅ , 𝑠(𝑡− 𝑙𝐿), ℎ(𝑡))
is known function. ℱ(0, 0, ⋅ ⋅ ⋅ , 0) = 0.
For any time step 𝑘, the performance index function for
state 𝑠(𝑞) under the control sequence 𝑈(𝑞,𝑁 + 𝑞 − 1) =
(ℎ(𝑞), ℎ(𝑞 + 1), ⋅ ⋅ ⋅ , ℎ(𝑁 + 𝑞 − 1)) is defined as

𝑃 (𝑠(𝑞), 𝑈(𝑞,𝑁 + 𝑞 − 1)) =
∑𝑁+𝑞−1

𝑗=𝑞
{𝑠𝑇 (𝑗)𝐵𝑠(𝑗)

+ ℎ𝑇 (𝑗)𝑅ℎ(𝑗)}, (2)

where 𝐵 and 𝑅 are positive definite constant matrixes.
According to the theory of dynamics programming, the op-

7343978-1-4673-9714-8/16/$31.00 c©2016 IEEE



timal performance index function is defined as

𝑃 ∗(𝑠(𝑞)) = min
𝑈(𝑞,𝑁+𝑞−1)

𝑃 (𝑠(𝑞), 𝑈(𝑞,𝑁 + 𝑞 − 1))

=min
ℎ(𝑞)

{
𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅ℎ(𝑞)

+ 𝑃 ∗(𝑠(𝑞 + 1))} , (3)

and the optimal control policy is

ℎ∗(𝑞) = argmin
ℎ(𝑞)

{
𝑠𝑇 (𝑞)𝐵𝑠(𝑞)

+ ℎ𝑇 (𝑞)𝑅ℎ(𝑞) + 𝑃 ∗(𝑠(𝑞 + 1))} , (4)

so the state under the optimal control policy is

𝑠∗(𝑡+ 1) =ℱ(𝑠∗(𝑡), 𝑠∗(𝑡− 𝑙1), ⋅ ⋅ ⋅ ,
𝑠∗(𝑡− 𝑙𝐿), ℎ

∗(𝑡)), 𝑡 = 0, 1, ⋅ ⋅ ⋅ , 𝑘, ⋅ ⋅ ⋅ , (5)

and then, the HJB equation is written as

𝑃 ∗(𝑠∗(𝑞)) =𝑃 (𝑠∗(𝑞), 𝑈∗(𝑞,𝑁 + 𝑞 − 1))

=(𝑠∗(𝑞))𝑇𝐵𝑠∗(𝑞) + (ℎ∗(𝑞))𝑇𝑅ℎ∗(𝑞)
+ 𝑃 ∗(𝑠∗(𝑞 + 1)). (6)

3 ADP Iteration Algorithm with Different Initial
Situations

In this section, we will give the novel iteration ADP algo-
rithm in detail. For the state 𝑠(𝑞) of system (1), there exists
two cases. Case 1: ∃𝑈(𝑞, 𝑘) which makes 𝑠(𝑞 + 1) = 0.
Case 2: ∃𝑈(𝑞, 𝑞+𝑚), 𝑚 > 0, which makes 𝑠(𝑞+𝑚+1) =
0. In the following part, we will discuss the two cases, re-
spectively.
There exists finite-horizon admissible control sequence
𝑈(𝑞, 𝑞 + 𝑚) = (𝛽(𝑞), ⋅ ⋅ ⋅ , 𝛽(𝑞 + 𝑚)) which makes
𝑠𝑓 (𝑠(𝑞), 𝑈(𝑞, 𝑞 +𝑚)) = 0. We suppose that for 𝑠(𝑞 + 1),
there exists optimal control sequence 𝑈∗(𝑞+1, 𝑞+𝑗−1) =
(ℎ∗(𝑞 + 1), ℎ∗(𝑞 + 2), ⋅ ⋅ ⋅ , ℎ∗(𝑞 + 𝑗 − 1)). For time step
𝑘, the iteration ADP algorithm between

ℎ[1](𝑞) =𝑎𝑟𝑔min
ℎ(𝑞)

{𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅ℎ(𝑞)

+ Θ[0](𝑠(𝑞 + 1))}, (7)

and

Θ[1](𝑠[1](𝑞)) =(𝑠[1](𝑞))𝑇𝐵𝑠[1](𝑞)

+ (ℎ[1](𝑞))𝑇𝑅ℎ[1](𝑞)

Θ[0](𝑠[0](𝑞 + 1)), (8)

where ∀𝑠(𝑞 + 1), Θ[0](𝑠(𝑞 + 1)) in (7) is obtained as

Θ[0](𝑠(𝑞 + 1)) =𝑃 (𝑠(𝑞 + 1), 𝑈∗(𝑞 + 1, 𝑞 + 𝑗 − 1)

=𝑃 ∗(𝑠(𝑞 + 1)). (9)

In (8), Θ[0](𝑠[0](𝑞+1)) is obtained by the similar Equation
(9). The states in (8) are obtained as

𝑠[1](𝑡+ 1) =ℱ(𝑠[1](𝑡), 𝑠[1](𝑡− 𝑙1), 𝑠
[1](𝑡− 𝑙2), ⋅ ⋅ ⋅ ,

𝑠[1](𝑡− 𝑙𝐿), ℎ
[1](𝑡)), (10)

where 𝑡 = 0, 1, ⋅ ⋅ ⋅ , 𝑞 − 1,
and

𝑠[0](𝑡+ 1) =ℱ(𝑠[1](𝑡), 𝑠[1](𝑡− 𝑙1), 𝑠
[1](𝑡− 𝑙2), ⋅ ⋅ ⋅ ,

𝑠[1](𝑡− 𝑙𝐿), ℎ
[1](𝑡)), (11)

where 𝑡 = 𝑞, 𝑞 + 1, ⋅ ⋅ ⋅
For the iteration step 𝛾 = 1, 2, ⋅ ⋅ ⋅ , the iteration algorithm
will be implemented as follows:

ℎ[𝛾+1](𝑞) =𝑎𝑟𝑔min
ℎ(𝑞)

{𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅ℎ(𝑞)

+ Θ[𝛾](𝑠(𝑞 + 1))}, (12)

and

Θ[𝛾+1](𝑠[𝛾+1](𝑞)) =(𝑠[𝛾+1](𝑞))𝑇𝐵𝑠[𝛾+1](𝑞)

+ (ℎ[𝛾+1](𝑞))𝑇𝑅ℎ[𝛾+1](𝑞)

+ Θ[𝛾](𝑠[𝛾](𝑞 + 1)), (13)

where Θ[𝛾](𝑠(𝑞 + 1)) in (12) is updated as

Θ[𝛾](𝑠(𝑞 + 1)) = min
ℎ(𝑞+1)

{𝑠𝑇 (𝑞 + 1)𝐵𝑠(𝑞 + 1)

+ ℎ𝑇 (𝑞 + 1)𝑅𝑢(𝑞 + 1)

+ Θ[𝛾−1](𝑠(𝑞 + 2))}, (14)

and the states in (13) are obtained as

𝑠[𝛾+1](𝑡+ 1) =ℱ(𝑠[𝛾+1](𝑡), 𝑠[𝛾+1](𝑡− 𝑙1),

𝑠[𝛾+1](𝑡− 𝑙2), ⋅ ⋅ ⋅ ,
𝑠[𝛾+1](𝑡− 𝑙𝐿), ℎ

[𝛾+1](𝑡)), (15)

where 𝑡 = 0, 1, ⋅ ⋅ ⋅ , 𝑞 − 1, and

𝑠[𝛾](𝑡+ 1) =ℱ(𝑠[𝛾+1](𝑡), 𝑠[𝛾+1](𝑡− 𝑙1),

𝑠[𝛾+1](𝑡− 𝑙2), ⋅ ⋅ ⋅ ,
𝑠[𝛾+1](𝑡− 𝑙𝐿), ℎ

[𝛾+1](𝑡)), (16)

where 𝑡 = 𝑞, 𝑞 + 1, ⋅ ⋅ ⋅ .
This completes the iteration algorithm. From the above al-
gorithm we can see that, if Θ[0] = 0 in (8), then Case 1 is a
special one of Case 2.

4 Convergence Analyses

Theorem 1 For system (1), the states of the system are
driven by a given initial state 𝜒(𝑡),−𝑙𝐿 ≤ 𝑡 ≤ 0, and
the initial finite-horizon admissible control policy 𝛽(𝑡).
The iteration algorithm is as in (7)-(16). For time step
𝑘, ∀ 𝑠(𝑞) and 𝑈(𝑞, 𝑞 + 𝛾), we define𝑈(𝑞, 𝑞 + 𝛾) =
(ℎ[𝛾+1](𝑞), ℎ[𝛾](𝑞 + 1), ⋅ ⋅ ⋅ℎ[1](𝑞 + 𝛾)). We define

Ω[𝛾+1](𝑠(𝑞), 𝑈(𝑞, 𝑞 + 𝛾))

=𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅𝑢(𝑞) + 𝑠𝑇 (𝑞 + 1)𝐵𝑠(𝑞 + 1)

+ ℎ𝑇 (𝑞 + 1)𝑅𝑢(𝑞 + 1) + ⋅ ⋅ ⋅
+ 𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾) + ℎ𝑇 (𝑞 + 𝛾)𝑅𝑢(𝑞 + 𝛾)

+ Θ[0](𝑠(𝑞 + 𝛾 + 1)), (17)
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where Θ[0](𝑠(𝑞 + 𝛾 + 1)) as in (9) and Θ[𝛾+1](𝑠(𝑞)) is
updated as (14). Then we have

Θ[𝛾+1](𝑠(𝑞)) = min
𝑈(𝑞,𝑞+𝛾)

Ω[𝛾+1](𝑠(𝑞), 𝑈(𝑞, 𝑞 + 𝛾)).

(18)

Proof:
From (14) we have

Θ[𝛾+1](𝑠(𝑞))

=min
ℎ(𝑞)

{𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅ℎ(𝑞)

+ min
ℎ(𝑞+1)

{𝑠𝑇 (𝑞 + 1)𝐵𝑠(𝑞 + 1) + ℎ𝑇 (𝑞 + 1)𝑅ℎ(𝑞 + 1)

+ ⋅ ⋅ ⋅+ min
ℎ(𝑞+𝛾)

{𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾)

+ ℎ𝑇 (𝑞 + 𝛾)𝑅ℎ(𝑞 + 𝛾)}
+Θ[0](𝑠(𝑞 + 𝛾 + 1))} ⋅ ⋅ ⋅ }}. (19)

So we can further obtain

Θ[𝛾+1](𝑠(𝑞))

= min
𝑈(𝑞,𝑞+𝛾)

{𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + ℎ𝑇 (𝑞)𝑅ℎ(𝑞)

+ 𝑠𝑇 (𝑞 + 1)𝐵𝑠(𝑞 + 1) + ℎ𝑇 (𝑞 + 1)𝑅ℎ(𝑞 + 1)

+ ⋅ ⋅ ⋅+ 𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾)

+ ℎ𝑇 (𝑞 + 𝛾)𝑅ℎ(𝑞 + 𝛾) + Θ[0](𝑠(𝑞 + 𝛾 + 1))}, (20)

Thus we can have

Θ[𝛾+1](𝑠(𝑞)) = min
𝑈(𝑞,𝑞+𝛾)

Ω[𝛾+1](𝑠(𝑞), 𝑈(𝑞, 𝑞 + 𝛾)).

(21)

Based on Theorem 1, we give the monotonicity theo-
rem about the sequence of performance index functions
Θ[𝛾+1](𝑠[𝛾+1](𝑞)), ∀𝑠[𝛾+1](𝑞).

Theorem 2 For system (1), let the iteration algorithm
be as in (7)-(16). Then we have Θ[𝛾+1](𝑠[𝛾](𝑞)) ≤
Θ[𝛾](𝑠[𝛾](𝑞)), ∀𝛾 > 0, for Case 1; Θ[𝛾+1](𝑠[𝛾](𝑞)) ≤
Θ[𝛾](𝑠[𝛾](𝑞)), ∀𝛾 ≥ 0, for Case 2.

Proof: We first give the proof for Case 2. Define �̂�(𝑞, 𝑞 +
𝛾) = (ℎ[𝛾](𝑞), ⋅ ⋅ ⋅ , ℎ[1](𝑞+𝛾−1), ℎ∗(𝑞+𝛾)), then accord-
ing to the definition of Ω[𝛾+1](𝑠(𝑞), �̂�(𝑞, 𝑘 + 𝛾)) in (17),
we have

Ω[𝛾+1](𝑠(𝑞), �̂�(𝑞, 𝑞 + 𝛾))

=𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + (ℎ[𝛾](𝑞))𝑇𝑅ℎ[𝛾](𝑞)

+ ⋅ ⋅ ⋅+ 𝑠𝑇 (𝑞 + 𝛾 − 1)𝐵𝑠(𝑞 + 𝛾 − 1)

+ (ℎ[1](𝑞 + 𝛾 − 1))𝑇𝑅ℎ[1](𝑞 + 𝛾 − 1)

+ 𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾) + (ℎ∗(𝑞 + 𝛾))𝑇𝑅ℎ∗(𝑞 + 𝛾)

+ Θ[0](𝑠(𝑞 + 𝛾 + 1)). (22)

From (9), we get

Θ[0](𝑠(𝑞 + 𝛾))

=𝑃 ∗(𝑠(𝑞 + 𝛾))

=𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾) + (ℎ∗(𝑞 + 𝛾))𝑇𝑅ℎ∗(𝑞 + 𝛾)

+ 𝑃 ∗(𝑠(𝑞 + 𝛾 + 1))

=𝑠𝑇 (𝑞 + 𝛾)𝐵𝑠(𝑞 + 𝛾) + (ℎ∗(𝑞 + 𝛾))𝑇𝑅ℎ∗(𝑞 + 𝛾)

+ Θ[0](𝑠(𝑞 + 𝛾 + 1)). (23)

On the other side, from (14), we have

Θ[𝛾](𝑠(𝑞))

=𝑠𝑇 (𝑞)𝐵𝑠(𝑞) + (ℎ[𝛾](𝑞))𝑇𝑅ℎ[𝛾](𝑞)

+ ⋅ ⋅ ⋅+ 𝑠𝑇 (𝑞 + 𝛾 − 1)𝐵𝑠(𝑞 + 𝛾 − 1)

+ (ℎ[1](𝑞 + 𝛾 − 1))𝑇𝑅ℎ[1](𝑞 + 𝑖− 1)

+ Θ[0](𝑠(𝑞 + 𝛾)). (24)

So according to (23), we obtain

Ω[𝛾+1](𝑠(𝑞), �̂�(𝑞, 𝑞 + 𝑖)) = Θ[𝛾](𝑠(𝑞)). (25)

From Theorem 1, we can get

Θ[𝛾+1](𝑠(𝑞)) ≤ Ω[𝛾+1](𝑠(𝑞), �̂�(𝑞, 𝑞 + 𝛾)). (26)

So we have ∀𝑠(𝑞),
Θ[𝛾+1](𝑠(𝑞)) ≤ Θ[𝛾](𝑠(𝑞)), (27)

i.e., for 𝑠[𝛾](𝑞),

Θ[𝛾+1](𝑠[𝛾](𝑞)) ≤ Θ[𝛾](𝑠[𝛾](𝑞)). (28)

For Case 1, we set Θ[0] = 0, the proof is similar with Case
2.
From the two theorem, we can see that the proposed algo-
rithm is convergent. For implementation of the algorithm,
two neural networks, which are critic and action networks,
are used to approximate the performance index function
and control policy, respectively. The detail approximate
process can be seen in [20–22].

5 Simulation study

We take the example in [16] with modification:

𝑠(𝑡+ 1) = 𝑠(𝑡− 2) + 𝑠𝑖𝑛(0.1𝑠2(𝑡) + ℎ(𝑡)). (29)

We give the initial states as 𝜒1(−2) = 𝜒1(−1) = 𝜒1(0) =
1.5, and the initial control policy as 𝛽(𝑡) = 𝑠𝑖𝑛−1(𝑠(𝑡 +
1) − 𝑠(𝑡 − 2)) − 0.1𝑠2(𝑡). We implement the proposed
algorithm at the time instant 𝑘 = 3.
First, according to the initial control policy 𝛽(𝑡) =
𝑠𝑖𝑛−1(𝑠(𝑡 + 1) − 𝑠(𝑡 − 2)) − 0.1𝑠2(𝑡) of system (29),
we give fist group of state data: 𝑠(1) = 0.8, 𝑠(2) = 0.7,
𝑠(3) = 0.5, 𝑠(4) = 0. We also can get the second group
of state data: 𝑠(1) = 1.4, 𝑠(2) = 1.2, 𝑠(3) = 1.1,
𝑠(4) = 0.8, 𝑠(5) = 0.7, 𝑠(6) = 0.5, 𝑠(7) = 0. Obviously,
for the first sequences of states we can get the optimal con-
troller by Case 1 of the proposed algorithm. For the second
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one, the optimal controller can be obtained by Case 2 of
the proposed algorithm, and the optimal control sequence
𝑈𝑜(𝑞 + 1, 𝑞 + 𝑗 + 1) can be obtained in the first group of
state data. We select 𝐵 = 𝑅 = 1.
The three-layer BP neural networks are used to approach
the critic network and the action network with the structure
2−8−1 and 6−8−2, respectively. The iteration times of
the weights updating for two neural networks are 200. The
initial weights are chosen randomly from [−0.1, 0.1], and
the learning rates are 𝛼𝑎 = 𝛼𝑐 = 0.05. We select maximal
iteration step 𝛾𝑚𝑎𝑥 is 5, 15, 25 and 50 to analyse the effect
of the iteration times.
Under the same neural network weights, we get 𝑃 ∗(𝑠∗(3))
for four different 𝛾𝑚𝑎𝑥 in Table. 1, and iteration termina-
tion error 𝜀 in Table. 2. From Table 1, we can see that
𝑃 ∗(𝑠∗(3)) decreases as 𝛾𝑚𝑎𝑥 increases. It has been proved
in Theorem 2. According to Table 2, the iteration termina-
tion error is smaller when we choose larger 𝛾𝑚𝑎𝑥. When
𝑖 → ∞, the optimal controller will be reached. The perfor-
mance index trajectories for the first and second state data
group show in Fig. 1 and Fig. 2, respectively. According
to Theorem 2, for the first state group, the performance in-
dex is decreasing as 𝛾 > 0. For the second state group,
the performance index is decreasing as 𝛾 ≥ 0. The state
trajectory and the control trajectory of the second state data
are shown in Fig. 3 and Fig. 4. From the figures, we can
see that the system is asymptotically stable no mater what
the initial states are selected. The simulation study shows
the new iteration ADP algorithm is very feasible.

State 𝛾𝑚𝑎𝑥 =
5

𝛾𝑚𝑎𝑥 =
15

𝛾𝑚𝑎𝑥 =
25

𝛾𝑚𝑎𝑥 = 50

𝑥 = 0.5 1.2339 1.2338 1.2338 1.2338
𝑥 = 1.1 5.5173 5.4075 5.4048 5.4048

Table 1: 𝑃 ∗(𝑠∗(3))

State 𝛾𝑚𝑎𝑥 =
5

𝛾𝑚𝑎𝑥 =
15

𝛾𝑚𝑎𝑥 =
25

𝛾𝑚𝑎𝑥 =
50

𝑠 = 0.5 1.1287𝑒−
004

5.5713𝑒−
012

0 0

𝑠 = 1.1 0.0776 0.0019 4.7227𝑒−
005

4.4787𝑒−
009

Table 2: iteration termination error 𝜀

6 Conclusion

This paper proposed a novel ADP algorithm to deal with
the finite-horizon optimal control for a class of determinis-
tic nonaffine time-delay nonlinear systems. For determin-
ing the optimal state, the state updating was contained in
the novel ADP algorithm. The results of theorems showed
the proposed iteration algorithm was convergent. The sim-
ulation study has demonstrated the effectiveness of the pro-
posed control algorithm.
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