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Abstract

Currently, there are a large number of tracking problems in the industry concerning nonlinear systems with unknown
dynamics. In order to obtain the optimal control policy, a multi-step adaptive critic tracking control (MsACTC) al-
gorithm is developed in this paper. By constructing a steady control law, the tracking problem is transformed into a
regulation problem. The MsACTC algorithm has an adjustable convergence rate during the iterative process by in-
corporating a multi-step policy evaluation mechanism. The convergence proof of the algorithm is provided. In order
to implement the algorithm, three neural networks are built, including the model network, the critic network, and the
action network. Finally, two numerical simulation examples are given to verify the effectiveness of the algorithm. Sim-
ulation results show that the MsACTC algorithm has satisfactory performance in terms of the applicability, tracking
accuracy, and convergence speed.
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1. INTRODUCTION

In practical engineering applications, the controller design should not only meet the basic performance re-
quirements but also need to further improve the control effect and reduce costs''~*. However, real industrial
systems are often complex nonlinear systems (>, Solving the Hamilton-Jacobi-Bellman (HJB) equations is an
unavoidable obstacle when designing optimal control policies for nonlinear systems!”). Considering that the
analytical solution of the HJB equation is difficult to obtain, adaptive dynamic programming (ADP) based on
the actor-critic framework approximates the solution of the HJB equation by the iteration [#°!, The ADP algo-
rithm exhibits strong adaptive and optimization capabilities by incorporating the advantages of reinforcement
learning, neural networks, and dynamic programming'®!!]. Therefore, the ADP algorithm has a satisfactory
performance in solving the HJB equation. Through continuous development, the ADP algorithm has become
one of the key methods for solving optimal control problems of nonlinear systems!*>'4l, In terms of the iter-
ative form, the ADP algorithms can be categorized into value iteration (VI) and policy iteration (PI) (15.16] p[
has faster convergence but requires an initial admissible control policy'”). However, it is difficult to obtain an
initial admissible control policy for nonlinear systems. VI does not require an initial admissible control policy
but has a slower convergence rate!'®,

In the industry, we often need to solve more complex tracking problems for nonlinear systems!'*-2%, including
the consensus tracking problem for multi-agent systems (2 and the output tracking control for single-agent
systems!?3), In fact, the regulation problem can be seen as a simplified special case of the tracking problem. To
overcome these challenges, some scholars have started to develop optimal learning control algorithms based
on the ADP framework for solving tracking problems [¢]. Currently, tracking control algorithms based on the
ADP framework can be categorized into three groups. The first class of tracking control algorithms constructs
the augmented system with respect to the original system and the reference trajectory and then builds the cost
function based on the state vector and the control input of the augmented system 272%), Although this type of
tracking control algorithm has a well-established theory, it cannot completely eliminate tracking errors. The
second class of tracking control algorithms utilizes the square of the tracking error at the next moment to build
a novel utility function '), With the novel utility function, the tracking error can be completely eliminated.
However, the second class of tracking control algorithms is currently only applicable to affine nonlinear sys-
tems with known system models, which greatly reduces the application value of the algorithm. The third type
of tracking control algorithm transforms the tracking problem into the regulation problem by constructing a
virtual steady control >, Thanks to the steady control, the third type of tracking control algorithm also com-
pletely eliminates tracking errors and is suitable for nonlinear systems. It should be emphasized that solving
the steady control imposes a large computational burden on the algorithm.

Therefore, we expected that a speed-up mechanism could be designed for the tracking control algorithm with
steady control to improve the convergence speed. Inspired by the idea of eligibility traces, Al-Dabooni er al.
designed an online n-step ADP algorithm with higher learning efficiency *°). Ha et al. introduced a relaxation
factor in the framework of the offline ADP algorithm *'. By adjusting the value of the relaxation factor, the
convergence rate of the cost function could also be increased or decreased. Zhao et al. designed an incremental
ADP algorithm by constructing a new type of cost function, which showed higher learning efficiency in solving
zero-sum game problems for nonlinear systems!>*). Luo e al. successfully combined the advantages of VI and
PI by designing a multi-step policy evaluation mechanism[17:?5%2], The convergence speed of the algorithm was
greatly improved by increasing the policy evaluation step, which did not require admissible control policies.

In this context, a multi-step adaptive critic tracking control (MsACTC) algorithm is established by introducing
a multi-step policy evaluation mechanism into the steady tracking control algorithm. Compared to the general
tracking control algorithm with steady control, the MsACTC algorithm exhibits higher learning efficiency as
the evaluation step increases. Furthermore, the convergence proof of the MsACTC algorithm is given. The
MsACTC algorithm is successfully implemented through neural networks and the least square method. Finally,


http://dx.doi.org/10.20517/ces.2023.28

Li et al. Complex Eng Syst 2023;3:20 | http://dx.doi.org/10.20517/ces.2023.28

Table 1. Summary of mathematical symbols

R? LAl I

The set of all s-dimensional real vectors ~ The norm of vector A The s x s identity matrix
RSXm |C| T

The set of all s x m real matrices The absolute value of ¢ The transpose symbol
N N+ o

The set of all non-negative integers The set of all positive integers A compact subset of rR®
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we verify the optimization ability and learning efficiency of the proposed algorithm through simulations of two

nonlinear systems. Table 1 explains the meaning of the mathematical symbols used in this article.

2. PROBLEM DESCRIPTION

Consider such a class of discrete-time nonlinear systems

Xie1 = F (g, u(xp)) ,

(1)

where x;, € R* represents the state vector, and u(x;) € R™ represents the control input. F(-,-) is the unknown
system function. In addition, we propose two assumptions to describe equation (1) more specifically.

Assumption 1 x(k) and u(xy) are observable, and there exists a continuous control policy on Q such that the

system (1) is asymptotically stable.
Assumption 2 F(-,-) is smooth differentiable with respect to its arguments.
The reference trajectory can be denoted as
ke = H(ry),
where H(-) denotes the known trajectory function. The tracking error ¢ is defined as
er =X — .
We assume that there exists a steady control v(ry) satisfying the following equation:
rket = F (ri, v(re)) -
The tracking control policy u(ey) is denoted as
pler) = ulxp) —v(re).

According to equations (1)-(5), we can obtain the following error system:

ep1 = F (xp, u(xy)) — H(ry)
=F (ex +ri, u(er) +v(ry)) — H(ry)
= D (ey, ulex)).

The cost function is defined as

Vi =D U ez, ple2))
z=k

o0

= U (ex, plen) + ) U ez, ple2))

z=k+1

=U (ex,u(er)) + Vis,

()

(3)

(4)

(5)

(6)

(7)
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where U (e, u(ey)) = x,;erk + pT(ek)Rp(ek) is the utility function. Q and R are positive definite matrices.
We need to minimize the cost function by continuously adjusting the tracking control policy. The optimal cost
function and the optimal control policy are expressed as follows:

Vi = min {U (ex, ulen)) + Vi, (8)
ek
and
©ex) = arg min {U (e, p(er) + Vi )} (9)
ek

So far, the tracking problem of the system (1) has been successfully transformed into the regulation problem
of the system (6).

3. MULTI-STEP ADAPTIVE CRITIC TRACKING CONTROL ALGORITHM

It should be noted that equation (8) is the HJB equation, and its analytical solution is difficult to obtain directly.
In addition, since the system function F(-) is unknown, the steady control cannot be directly obtained by
solving equation (3) either. Therefore, the MSACTC algorithm is designed to overcome these challenges.

3.1 Algorithm design
According to equation (6), we have

Vi = U (ex, p(ex)) + Vs
=U (ex,u(er)) + U (exs1, u(exs1)) + Vs

k+n—1

= Z U (e, pu(ez)) + Vins (10)

z=k

where n € N* denotes the step size of policy evaluation. To integrate the convenience of VI and the efficiency
of PI, we introduce the multi-step policy evaluation mechanism. Based on this mechanism, the MsACTC
algorithm has a faster convergence rate without the need for an admissible control policy.

Construct the sequence of iterative cost functions {Vé[)} and the sequence of iterative tracking control policies

{u(i>(ek)}, where i € N is the iteration index. Define the initial cost function VIEO) = e;rPek, where P is a

positive definite matrix. Then, the policy improvement is represented as follows:

‘ 1 ey \T V)
e =317 () o )
The policy evaluation is expressed as follows:
k+n—1
V]fi+1) - Z U (ez,u(i)(ez)) + V]fi)n. (12)
7=k

By iterating continuously between equations (11) and (12), the cost function and the control policy converge
to their optimal values as 7 tends to infinity, respectively. In practice, it is not possible for the algorithm to
perform an infinite number of iterations. Therefore, we set the following stopping criterion:

Vi - vl <, (13)

where 7 is a positive constant. When inequation (13) is satisfied, the iteration stops. In this case, the cost
function and the control policy are considered to be approximately optimal.


http://dx.doi.org/10.20517/ces.2023.28

Li et al. Complex Eng Syst 2023;3:20 | http://dx.doi.org/10.20517/ces.2023.28 Page 5 of 16

3.2 Theoretical analysis
To ensure that the cost function VIE’) and the control policy 1 (e;) can converge to their optimal values, we
formulate and prove Theorem 1.

Theorem 1 If the sequences { ' (ex)} and {V,Ei)> are updated according to equations (11) and (12), respectively,
and the following condition is satisfied:

v® > min {U (ex, u(er)) + v,f?l} , (14)
ulex)

then the following conclusions hold:

D¥i VD < min {U (ex. u(e)) + V!

(i)
k+1} =V

2) lim V¥ = V¢ and lim 4 (ex) = u* ().
1—00

[—00

Proof. First, we prove the conclusion 1). When (14) holds, we have

k+n-1
1 0
V,i ) = U (ez,u(o)(ez)) + V,EJ;
z=k
k+n=2
= U (ez’ll(o)(ez)) +U (€k+n—1»ﬂ(0)(€k+n—l)) + V/E?.z,
7=k
k+n-2
— (0) i (0)
= Ulesu(er)) + min U (€xsn—1, t(€psn-1)) + Vk+n
= uler)
k+n-2
0
< U (ez,y(o)(e )) +V]£+31_1
z=k

IA

U (e 1 (e0)) + V2 = min {U (e, u(en) + Vi) | (15)
k

So far, we have shown that the conclusion 1) holds for i = 0. Next, we assume that the conclusion 1) holds for
the iteration index i — 1, which means that

_ . - -
V,E’) < min {U(Ek,ﬂ(ek)) +V1§l+1 )} s VIEI g (16)

By further derivation, we get
k+n—1
, - -
Vlil) = E U (ez,,u(’ 1)(ez)) +V,£'+n)
=k
k+

-1

\Y
3

U (e (e0)) + min U (et mlepa) + VI |
—k k

+
N

k
U (ez, /.l(i_l)(ez)) +vD

k+n+1
z=k

=U (ek,y(i_l)(ek)) + V,ii)l

- ()
> U (e, Vv } . 17
,f?el,?){ (exspulex)) +V, . (17)
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Based on inequations (16) and (17), we have

k+n—1
i+1
=S o) 2,

7=k
k+n-2 )

= Z (eZ, ()(6 ))+U<ek+n 1M (l)(ek+n—1))+V/£:_)n
=k
k+n-2

= 25 Ufeen®(en)) + min {U (epunar. plesen) + V|
z=k
k+n-2 '

< > U(enne) + V1,
z=k

<U (ek,u(i)(ek)) +V() = m1n {U(ek u(er)) +V]§+)1} (18)

According to mathematical induction, the proof of the conclusion 1) is completed.

Next, we prove the conclusion 2). Since the sequence of cost functions {Vlfi) } is a monotonically nonincreasing

sequence and V,Ei) > 0, the limit of the sequence exists. Therefore, we can get

Vi®) < min {U(ek,y(ek)) +V,§+1)} <V, (19)
u(er)
which means
v = min {U (ex, uler)) + V) (20)
k ks M€k k+1
u(ek)

By observation, equations (20) and (8) are equivalent. This means that lim V,f - = V;. According to equation
[—00

(9), the corresponding tracking control policy also satisfies lim u(er) = u*(ex). The proof of Theorem 1 is

completed.
Theorem 2 Based on equations (1)-(6), dej41/0u(er) = Oxgs1/du(xy) holds.

Proof. According to the error system (6), we have

derr1 _ O (F (ex +ri, plex) +v(ry)) = H(ry))
ouler) Ouler)
_ OF (ex + i, pler) +v(ri))

0 (u(er) +v(ri)) ey
Besides, we have
OXf41 __aIT(stu(xk))
ou(xy) Ou(xy)
_OF (ex +ri,p(er) +v(ry))
- 0 (u(er) +v(ri)) )

The proof of Theorem 2 is completed. In this section, Theorem 1 is successfully proved by utilizing mathe-
matical induction, and it provides a theoretical justification for the convergence of the MsACTC algorithm.
Theorem 2 gives an equivalence between dey1/du(ex) and 0xp41/0u(xy). According to Theorem 2, the im-
plementation of the algorithm can be simplified.
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Figure 1. The structure diagram of the MsACTC algorithm. MsACTC: Multi-step adaptive critic tracking control.

Remark 1 To ensure that the condition (14) holds, VIEO) must be a positive definite function. It should be em-
phasized that the condition (14) is only a sufficient condition instead of a sufficiently necessary condition for the
convergence of the cost function. In fact, even if the cost function is initialized as VIEO) = 0, the cost function still
converges to the optimal value. This is verified by the simulation in Section 5, which shows that the convergence
of the algorithm deserves to be further investigated.

4. IMPLEMENTATION OF ALGORITHM

To implement the algorithm, three neural networks are constructed, including a model network (MN), a critic
network (CN), and an action network (AN). Figure 1 illustrates the overall structure of the MsACTC algorithm.
It should be noted that the training of the MN is carried out independently. The training of the CN and the
AN need to cooperate with each other iteratively. It should be noted that the implementation approach used
in this paper is similar to that in[2?],

The MN is used to estimate the dynamics of the system (1) and to solve the steady control v(ry). Since the
MN is required for the training process of the CN and the AN, we should first complete the training of the
MN. The output of the MN can be expressed as

. )T )T - : :
Fpar =) U(WY) by +ﬁ§’))+ﬁ’§’), (23)

T . . .
where ¥, = [xl;r,uT(xk)] . wij) e RO+l and wéj) € R»*s denote the weight vectors. Bij) € Ri» and

,B;j ) € R are bias vectors. [, denotes the number of neurons in the hidden layer for the MN. j denotes the
training round index.

In order to make the MN with higher recognition accuracy, we utilize the neural network toolbox in Matlab
to train the MN. The training parameter settings are given in Section 5.

After the MN is trained, according to equation (4), we can obtain the steady control v(rx) by solving the
following equation:

T 4
Fiel =W o (WIT [rkT vT(rk)] +/3§”) +ﬁ§”. (24)

The CN is used to approximate the cost function, and its output can be expressed as

70 = 6T (e, (25)
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where w” € R'. The activation function ¢(ex) = [¢1(ex), - , b1, (ek)]T. [ denotes the number of neurons
in the hidden layer for the CN. According to equations (12) and (25), we have

k+n—1

o ()™ = 3 U feen(e) + 0T (erum)o®. (26)

7=k
A sample setyy = {e[q] |e,£q] €Qe,g=1,2---, M} is collected on Q, where M denotes the maximum number
of samples. Based on the MN and u”) (e ), we can predict the future error vector e,[{’fr]n. Considering the sample

set Yy, equation (26) can be rewritten as

¢T (el[cq]) w(i+l) = é’[qj(l)7q = 1’27 RS Ma (27)

k+n—1

where 19110 =% U (eEQ],,u(") (egq])) +¢! (el[ﬁ]n) . Using the least-square method, w*!) can be calcu-
z=k

lated as

w(i+l) — (/lT/l)—l/lTé’(l)’ (28)

T . . : .
where A = [¢T (e,ElJ) vy (e/[f]) L (EIEM])] and 70 = [(NO 210 .. o] T
The AN is used to approximate the tracking control policy, and its output can be expressed as

A9 (er) = ¢ (en)m?, (29)

where @ € Rle, The activation function ¢(ex) = [¢1(ex), -, ¢, (ek)]T. [, denotes the number of neurons

in the hidden layer for the AN. According to equations (11) and (29), we have

N T o (i+1)
. ) 1 0x aV,
G0 (0,) = T e ) = __ g1 k+1 k+1 ) 30
A (er) = ¢ (ex) 3 G0 3a0(ermy) (30)
Considering the sample set ¥, equation (30) can be rewritten as
ol (e,[‘”) @D = gldld g —1.2... M, (31)
. 6;2[‘” T 6\7(”1) X
where gl91() = —%R‘l £ “t—— Thus, @™ can be calculated as
0u(')(xkq ) 6u(’>(ékq+l)
@™ = (pTp)"pTe", (32)
T () T (02 T ()T ) [gl10) gl21G T
where p = [‘p (ek ),‘p (ek ) 0 (ek )] and 60 = [0 2O ... gl T

5. SIMULATION RESULT

In this section, we complete two simulations. Example 1 is to illustrate the effectiveness of the MsACTC
algorithm and the correctness of Theorem 1. Example 2 is to show that the condition (14) is not sufficiently
necessary for the convergence of the cost function.
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Testing error e,

0 50 100 150 200 250 300 350 400 450 500
Samples

Testing error e;,;s
[=1
W

0 50 100 150 200 250 300 350 400 450 500
Samples

Figure 2. Testing errors of the MN (Example 1). MN: Model network.

5.1 Example 1
Consider the modified Van der Pols oscillator system
X1 +0.1xgo 035 0
= . 33

=200 + 11x2) - 0,102 xp ] " [ 0 035 ] u(xe) (38)

The reference trajectory is defined as
o1 o0, (34)
7005 1 TR

Before the neural networks are trained, we make a sample set of x4 in the region where —1 < x4y < I and
—1 < xp2 < 1. In order to obtain the sample set of error vectors ey, the sample set of the reference trajectory
ri is also constructed in the region where —1 < r¢; < 1and —1 < rgp < 1. Assuming that the system
(33) is unknown, we need to construct the MN using the neural network toolbox and the data generated
by the system (33). The parameters of the toolbox are set as follows: the activation function is chosen as
0(z) = (e* —e7%)/(e* + %), the optimization algorithm is chosen as Levenberg-Marquardt backpropagation,
the maximum training number of the MN is set as 1000, and the loss function is chosen as the mean squared
normalized error function. The other parameters in the MsACTC algorithm are setas Q = I, R = 51, P = 61,
n=10"7, M =961,1, =20,1, =5,and [, = 7. Figure 2 shows the testing error after the training of the MN,

and the result is satisfactory.

We construct the activation functions for the CN and the AN as
T
{ d(ex) = [e3,, €2, ex1€k2, €1 €k, €162y, €5 1, 0 |

e(ex) = [ex1. exa. exrexa. €3, €1, |

(35)

In order to satisfy the condition (14), the weight vector w?) of the CN is initialized by one pre-training. w®
satisfies \A/]EO) = ¢T(ek)w(0) = ekTPek. The weight matrix of the AN is initialized as zero. Before starting the
iteration, we set the maximum iteration number iy = 25. We use the different step sizes n of policy evaluation
for the simulation to verify the effect of n on the convergence speed of the MsACTC algorithm.
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Figure 3. Convergence processes of network weights with different values of n (Example 1). AN: Action network; CN: critic network.
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Figure 4. Convergence processes of the cost function for n =3 (Example 1).

In order to compare the convergence speeds under different values of n, Figure 3 utilizes the convergence
process of the norm of the weights to reflect the iterative process of the cost function and the tracking control
policy. According to Figure 3, we can observe that the larger the value of 7, the faster the weights converge.
Moreover, the weights corresponding to different values of n eventually converge to the same value, which
indicates the optimality of the MSACTC algorithm. Figure 4 shows the iterative process of the cost function
for n = 3 through a mesh plot.


http://dx.doi.org/10.20517/ces.2023.28

Li et al. Complex Eng Syst 2023;3:20

http://dx.doi.org/10.20517/ces.2023.28

E 05
[}
2
5]
LI
g
2
2
w 0.5 L L L I L
0 50 100 150 200 250 300
Time steps
S 05 T T T T T
Q
-t
5]
2
[}
g
2
2
@ 0.5 I L L L
0 50 100 150 200 250 300
Time steps
0.5 T T T T T
8 e
g k1
© €r2
g of
" |
Q
&
=
205 I I L 1 1
0 50 100 150 200 250 300
Time steps
Figure 5. Trajectories of state vectors and tracking errors (Example 1).
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Figure 6. Trajectories of control inputs (Example 1).
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Figure 7. Testing errors of the MN (Example 2). MN: Model network.

We apply the optimal control policy obtained by the MsACTC algorithm for n = 3 to the system (33) for 300
time steps. We set xg = [0.2, —0.2]T and ro = [-0.3, —0.3]T. The changing processes of the system state and
tracking error are shown in Figure 5. The variation of control inputs is shown in Figure 6. With the control
policy, the system states track the reference trajectory after 50 time steps.

5.2 Example 2
Consider the modified torsional pendulum system

Xp1 +0.1xk2 +O.12u1(xk)

~0.225 sin(xz1) + 0.975x42 + 0.125(tanh (ua (xz)) + w2 (x)) | (26)

Xk+1 =
Due to the excellent adaptive ability, the MsACTC algorithm does not have strict requirements for the settings
of the parameters. Therefore, the parameter values and the setting of activation functions are kept the same
as those in Example 1. In Example 2, we set Vlfo) = 0 to show that the condition (14) is not necessary for
the convergence of V,Ei). That is, @© and w© are set as zero. In Example 2, we set xo = [0.5, —O.S]T and
ro = [<0.5,0.3] 7. After completing the initialization, the procedure of the experiment is the same as that in
Example 1. The simulation results are shown in Figures 7-11. It is worth noting the direction of convergence
of weights and the cost function in Figures 8 and 9. For Example 1, the direction of convergence is illustrated
in Figures 3 and 4 is from the top to the bottom. For Example 2, the direction of convergence in Figures 8 and
9 is from the bottom to the top.

Even if the condition (14) does not hold, V,Ei) and u(ey) can still converge to V; and p*(ex) through the
iteration. As n increases, the algorithm converges faster. However, it is worth noting that if the condition (14)
is not satisfied, too large n will make the cost function diverge during the iteration.

6. CONCLUSIONS AND OUTLOOK

In this paper, the MsACTC algorithm is developed by introducing the multi-step policy evaluation mechanism
into the adaptive critic tracking control algorithm. For nonlinear systems with unknown models, the MN is
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Figure 8. Convergence processes of network weights with different values of n (Example 2). AN: Action network; CN: critic network.
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Figure 9. Convergence processes of the cost function for n = 3 (Example 2).

built based on data to estimate the state vector in the future time. By solving the steady control v(r;) through
the MN, the tracking problem is transformed into the regulation problem. We give the convergence proof of
the MSACTC algorithm. The weights of the CN and the AN are updated based on the least-square method.
Simulation results verify the effectiveness of the MsACTC algorithm and the correctness of the theoretical
results. It is worth exploring how to obtain the most suitable value of # in the MsACTC algorithm. When
the condition (14) holds, the control policy is admissible after one policy improvement. Therefore, n can be
assigned arbitrarily in the range of positive integers. However, when the value of n is large enough, even if
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Figure 11. Trajectories of control inputs (Example 2).
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n continues to increase, the convergence speed will not be significantly improved. In this case, increasing
the value of n will lead to a waste of computing resources. If the condition (14) is not satisfied, then the
algorithm cannot guarantee that the control policy is admissible, which means that the value of n is no longer
arbitrary. This is because an unstable control policy will cause the state vector to diverge during multi-step
policy evaluation. In general, a satisfactory method for selecting the value of n has not yet been proposed. In
the future, we may continue to investigate this issue. In addition, this paper only uses two digital simulation
examples to test the MsACTC algorithm. This means that the potential application areas of the algorithm have
not been fully explored. Therefore, we will try to verify the performance of the algorithm in more application
scenarios in the future.
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