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Appendix A. Asymptotic stability of NMPC.
Consider the following discrete-time nonlinear system1-4:
                       (A1)
where  represents the system state,  represents the vector of manipulation input, and  is the initial condition. At the same time, the following assumptions are satisfied:
(1)  is continuously differentiable in  and .
(2) The set  is compact and contains the origin.
(3) The set  is control positive invariant for , i.e. for  and , there is . In addition, the set  is compact and contains the origin.
(4) Origin is an equilibrium state of the system.
(5) State  is measurable.
At time , let  represents a set of future inputs. Then, for system (A1), the cost function of nonlinear model predictive control is designed as follows:
           (A2)
where  and ;  and  are the control weights, which is called the positive definite weight matrix
              (A3)
where  is the length of prediction and control time domain; is the cost term;  is the terminal cost function;  is the terminal weighting matrix of symmetric positive definite;  is the state predicted by the internal model; and the set  represents the terminal area near the origin. A fictitious local linear state feedback controller is selected to control the nonlinear system. The gain matrix of the controller is . The terminal cost item satisfies :
                      (A4)
，                     (A5)
For the given optimal input , the optimal prediction state sequence is:

Exist,
    (A6)
It can be obtained from literature5 that:
            (A7)

                  (A8)
Combining Eq (A7) and (A8), we get
  (A9)
Let  represent the discrete optimal solution, the optimality of the solution means
          (A10)
Combining Eq (A9) and (A10), we get
  (A11)
Due to  and , then , so  is a strictly decreasing function.
Define a Lyapunov function:

From Eq. (A6), we can get
  (A12)
then
, , with 
In addition, by Eq (A11)-(A12), we get
                   (A13)
Eq.(A13) shows that the nominal system is actually exponentially stable at the origin. Then the discrete-time NMPC is asymptotically stable at the origin, that is, when , .
Appendix B. Stability analysis of sliding mode controller.
Lemma: for Lyapunov function : , the solution of the inequality equation ,  is
                (B1)
where  is an arbitrary constant. The proof process of the above lemma is as follows:
Let , then , and
                       (B2)
Then, the solution is
     (B3)
Since , , then
             (B4)
If , the solution of  is
                   (B5)
If  is a positive real number, it converges exponentially to zero. The exponential reaching law of the slip surface  is designed as
, 
where  is the exponential approach term and its solution is . The Lyapunov function  is defined, and the exponential reaching law is adopted to obtain
                (B6)
Using lemma, the above formula , with ,  can be solved as
                         (B7)
It can be seen from the above equation that  converges to zero in the form of exponential, that is, , and the convergence speed depends on .
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