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1 Proof of Property 1

Differentiating V}* with respect to time yields
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The second term on the right side of Eq. (S1) satisfies
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The third term on the right side of Eq. (S1) satisfies
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The fourth term on the right side of Eq. (S1) satisfies
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Using L’Hopital’s rule, we can solve for the limit values of ¥, I, and Q1. Applying L’Hopital’s rule to

¥, results in
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Applying L'Hépital’s rule to I; results in

2ka1 + kb1 + ya I ka1 + ¥a n kp1 — ya kbt —ya 2ka1 + kb1 +ya

lim I; = lim In = + 1.
210 210 21 ka1 + 21 + yda 21 kb1 — 21 — Yd ka1 + ya
(S6)
Applying L’Hépital’s rule to @ results in
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From Assumption 2, yq is within the predefined constraint. Thus, ¥y, I;, and Q1 are well defined in a
neighborhood of z; = 0.
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2 Proof of Theorem 1
Consider the following Lyapunov function candidate for the z;-subsystem:
N 1 r o S8
Wi=q, Vi + §WC1W01 + §W31Wa17 (S8)
where Wcl and Wal represent the critic and actor NN estimation errors respectively and ensure that

Wi = Wy — Wi and Wy = Wy — Wi hold.
Based on Eqgs. (S1) and (S8), the time derivative of V; is obtained as
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So, we have
Vi=7q (91@12122 — &1 W —mdizl - klﬁplzf) +WIW, + Wiw,,. (S10)

From Egs. (8) and (10) and w1, the HIB equation of the z1-subsystem can be presented as follows:

o= P2 2p > o1 )
Hy (21,%7 il 1>) =q, Vi — gl P 1(fl Ya)+ g_Q(Wl )l or(fi — P _yd)_g_g(wl ) 1] Wi =0.
1 1

821
(S11)
Consider the following equation:
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From Egs. (S11) and (S12), Eq. (S10) can become
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where
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Rewrite Eq. (S13) as
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Eq. (S14) can be rewritten as
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Based on the fact that W, = Wal — Wy, the following equation holds:
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According to Young’s inequality, there is
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Substituting the above inequality into Eq. (S15), we have
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Based on Cauchy’s inequality and Young’s inequality, two inequalities can be derived as follows:
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Adding the inequalities obtained above to inequality (S16) yields
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Design parameters &1, £a1, 1, 71, and wy, which satisfy the following inequalities:
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Define
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where 71 is the dimension of W,; and W,;. So, inequality (S19) can become
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Similarly, consider the following Lyapunov function candidate for the z;-subsystem:

where d; =

1 s s 1 s i
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where VNVCl' and VVai represent the critic and actor NN estimation errors respectively, and ensure that
Wei = Wy — W and W, = W,; — W hold.
Based on Eq. (S21), the time derivative of V; is obtained as
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Thus, Eq. (S22) becomes
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From Egs. (23) and (25) and w;, the HJB equation of the z;-subsystem can be presented as
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Consider the following equation:
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From Egs. (S24) and (825)7 Eq. (S23) can become
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Rewrite Eq. (S26) as
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Eq. (S27) can be rewritten as
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Based on the fact that W,; = Wai — W}, we have
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According to Young’s inequality, we have —g;®;z;(W;)T¢; < <& ((W*)T)2 + %(@121)2 Substituting
the above inequality into Eq. (S28) yields
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Similar to inequalities (S17) and (S18), two inequalities can be derived as follows:
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Adding the inequalities obtained above to inequality (S29) yields
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Design parameters &ci, £ais G5, 1i, and w;, which satisfy the following inequalities:
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where 71; is the dimension of W,; and W,;. So, inequality (S32) can become
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Similarly, consider the following Lyapunov function candidate for the z,-subsystem:
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where W,,, and W,,, represent the critic and actor NN estimation errors respectively, and ensure that
Wen = We,, — W and W,,, = Wy, — W hold.
Based on Eq. (S34), the time derivative of V,, is obtained as
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Then, we have
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From Egs. (38) and (40) and w,,, the HIB equation of the z,-subsystem can be presented as follows:
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Consider the following equation:
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From Egs. (S37) and (S38), Eq. (S36) can become
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Rewrite Eq. (S39) as
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Then, Eq. (S40) can be rewritten as
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Based on the fact that W,,, = Wan — W, the following equation holds:
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According to Young’s inequality, we have
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Substituting the above inequality into Eq. (S41), we have
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Similar to inequalities (S30) and (S31), two inequalities can be derived as follows:
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Adding the inequalities obtained above to inequality (S42) yields
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where 71, is the dimension of ch and Wan. So, inequality (S45) can become
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Finally, construct the whole IBLF as
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From inequalities (S20), (S33), and (S46), the time derivative of V; can be written as
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where d = 30 di = 530 (bai + T5) ((Wi*)T)2. Since all terms of d are bounded, there exists a positive
constant 7 such that |d| < n. Thus, inequality (S48) becomes
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where ¢ = 1I<n.i£1 {ki, 2ma;, 2me; }. Therefore, the following inequality can be obtained:
<i<n

Vi < Vi(0)e—c(t—t0) 4 g (S50)
We can conclude that z;, &;, VNV@, and Wai are bounded by Proposition 2 and Assumption 2. Then, we have
that z;, W¢;, and W,; are bounded signals. From Egs. (14), (29), and (44), it can be found that the optimal
virtual controller af and the optimal actual controller «* are both bounded and convergent, because each is

a function formed by the simple combination of above-bounded signals. Thus, all signals of the system are
bounded.
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