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Problem Statement
● MPC struggles with robot systems due to:

○ Nonlinear MIMO dynamics
○ Modelling uncertainties
○ High computational cost

● Proposed Solution:
○ Hierarchical control: Inverse Dynamics + ISM + MPC
○ ISM handles uncertainties first
○ Leads to a simplified MPC optimization

● Key Novelty:
○ ISM enforces sliding modes from initial time, creating 

uncertainty-free dynamics
○ Multi-rate control (fast ISM, slower MPC)
○ Significantly reduced computational complexity 



Controller Overview
Three Layer Control Architecture

1) Inner Loop: Inverse Dynamics Controller
a) Linearizes nonlinear MIMO system
b) Transforms to n decoupled double integrators

2) Middle Loop: Integral Sliding Mode (ISM)
a) Rejects matched uncertainties
b) Fast sampling rate (high frequency)

3) Outer Loop: MPC
a) Optimal trajectory tracking
b) Handles constraints

4) Combine Control Law:
a) v = u_MPC + u_ISM

The full coupled robot model:



Example Lagrangian expansion for a 4 DOF robot arm

[3]



Three Layer Control Architecture

1) Inner Loop: Inverse Dynamics Controller

          ,where

N-decoupled

Double Integrators

2) Middle Loop: Integral Sliding Mode (ISM)

Controller Formulation - ISM

Sliding surface and sliding variable. [2]

Sliding Mode Control



Outer Loop: MPC

Recap:

Cost Function:

Subject to:

Controller Formulation - MPC

Terminal Set and Terminal Control:

KLQ is the control gain of an infinite horizon Linear 
Quadratic (LQ) controller with the same cost function

Solution to the Riccati Equation



Paper Results
● 3-joint COMAU Smart3-S2 industrial robot manipulator
● Realistic uncertainty injection (identified from real robot data)
● Constraints: See Table I (position, velocity, acceleration limits)
● Target position: q_ref = [π/4, π/3, 2π/4]ᵀ, from q_0 = [0, 0, 0]
● Controller parameters:

○ Ci = [10, 10, 10]
○ ISM gains: [20, 35, 85]
○ MPC: Q = diag(100,100), R = 0.1,
○ Terminal Weight
○  Horizon N=10
○ Sampling: MPC = 20ms, ISM = 1ms

Key Results:

● MPC/ISM reduces RMS error dramatically:
○ Joint 1: 0.2105  0.0070 rad (30× decrease)→
○ Joint 3: 1.0458  0.0152 rad (69× decrease)→

● Similar control effort but better performance
● Computational efficiency:

○ MPC: 18ms average execution time
○ ISM: only 29μs average execution time
○ Suitable for real-time implementation

● MPC alone violates constraints, 
● MPC/ISM ensures constraint satisfaction



Implementation on Matlab
1) Robot Joint Angle target : pi/2, pi/3, pi/4
2) Joint trajectory from MPC and MPC-ISM controllers 

compared to reference cubic polynomial trajectory
3) Sinusoidal noise injected to see the benefits of the MPC-

ISM Combined Controller Algorithm



Uncertainty Formulation and Injection
1. Uncertainty formulation:

2. Uncertainty injection:
Where M is the inertia  matrix,
n contains the nonlinear terms 
(friction, coriolis effect), and η is 
the uncertainty

3. This is done for all 3 joints.



Results
1) The results were not what was expected based on the 

paper.
2) MPC Controller was very well tuned to account for the 

noise and gave highly accurate results.
3) MPC-ISM performed slightly worse than MPC. 
4) However, the difference seems negligible - both controllers 

have an error within hundredths of a radian. 



Results
1) We can see however, that the ISM Controller adjusts the 

control input for the joints to account for the uncertainty



Results
1) As the uncertainty goes higher in magnitude, the ISM 

controllers counter action increases as well



Possible considerations
1) Uncertainty modeling - The simulated uncertainty might have not been 

aggressive enough to impact MPC performance as the uncertainty injected 
by the authors

2) Hardware Differences: The COMAU Smart3-S2 robot in the paper may have 
different characteristics than our simulated model

a) The paper notes that their model of the COMAU Smart3-S2 on Matlab 
Simulink was based on data from real experiments. 

b) However, we are simulating a perfect model on which the MPC acts 
upon. Due to this, the performance of MPC itself is highly accurate. 

c) The performance difference between MPC and ISM is marginally 
different, and seems to be negligible due to this .
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