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ROBUST CONTROL ALGORITHM

The problem to be solved:

𝑞 = 𝑥1,𝑐 , 𝑥2,𝑐 , 𝑥3,𝑐 , 𝜑1, 𝜑2, 𝑦1, 𝑦2, 𝑦3
𝑇
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MOBILE SPACE ROBOT
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ROBUST CONTROL OF SPACE MANIPULATORS
INPUT DATA 
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- Modeling 
- differential equations, Runge Kutta method
- Matlab and C languages

- Simulation 
- Matlab
- C-based program

- Implementation
- Microprocessor system (e.g., Raspeberry)
- C-based program



MOBILE SPACE ROBOT – FPGA-based Controller
(Xilinx Kintex Ultrascale XQRKU060 Space-Grade FPGA, e.g., ADA-SDEV-KIT2)
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MOBILE SPACE ROBOT – XILINX FPGA ZCU102
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MOBILE SPACE ROBOT
C MODEL, DIFFERENTIA EQUATION SOLVER PROBLEM
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#define N_ELEMENTS 19                 // State vector size

#define N_DATA     13                 // Data vector (XA) size

#define N_VSTU     11                 // 8 thrusters + 3 joints

// xn - current time [sec]

// % XA  - is the state vector

// %            x[0]  - x-position of the satellite's center of mass [m]

// %            x[1]  - y-position of the satellite's center of mass [m]

// %            x[2]  - satellite orientation [rad]

// %            x[3]  - angular position of the first  joint [rad]

// %            x[4]  - angular position of the second joint [rad]

// %            x[5]  - angular position of the third  joint [rad]

// %            x[6]  - the first derivative of x[0] [m/sec] 

// %            x[7]  - the first derivative of x[1] [m/sec] 

// %            x[8]  - the first derivative of x[2] [rad/sec] 

// %            x[9]  - the first derivative of x[3] [rad/sec] 

// %            x[10] - the first derivative of x[4] [rad/sec] 

// %            x[11] - the first derivative of x[5] [rad/sec] 

// %            x[12] - mass of the system [kg] 



FPGA IDEA OF IMPLEMENTATION
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HIGH LEVEL SYNTHESIS APPROACH
PROCESSOR SYSTEM + PROGRAMMABLE LOGIC
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HIGH LEVEL SYNTHESIS APPROACH
HLS DESIGN FLOW
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HLS 



HIGH LEVEL SYNTHESIS APPROACH
PROCESSOR SYSTEM + PROGRAMMABLE LOGIC
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HIGH LEVEL SYNTHESIS APPROACHAXI CONTROL 
AND AXI GLOBAL MEMORY
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HIGH LEVEL SYNTHESIS APPROACH
HLS CODDING FLOW – INTERFACE 
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HIGH LEVEL SYNTHESIS APPROACH
HLS CODDING FLOW – DATAFLOW
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HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE
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HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE ANALYSIS
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HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE ANALYSIS
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HIGH LEVEL SYNTHESIS APPROACH
HLS DIRECT METHOD PERFORMANCE ANALYSIS
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TOP-DOWN, AND BOTTOM-UP APPROACH
HLS_DIFFEQN_WOTRAJ CONCLUSIONS 

• Acceleration is possible with lower latency than PC and ARM 

• Tested by
• PC (win, linux, macOS), ~1ms
• ARM (linux): raspberry pi,  ~10ms
• ARM (bare metal): ZCU102, ~20ms
• PS+PL (qemu on linux): ZCU102, ~300ms
• PS+PL (bare metal): ZCU102 ~340us (~120us PL algorithm 100MHz)

• Speed up is possible by
• Choose method of trigonometric function calculations
• Matrix (add, sum, inv) operation pipelining another approach
• Prestorage data in other form
• FLOATING to FIXEDPOINT
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HIGH LEVEL SYNTHESIS APPROACH
NEW CHALANGE RUNGE-KUTTA ALGORITHM

• Optimalisation by
• Matrix operation pipelining

• One time trigonometric function 
computation

• Originally latency: 30 084 cycles

• Matrix loops: 12 826 cycles

• SIN/COS: 8761

• Function rearange: 7001
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Conclusions

1. Control algorithm was translated to low level languages

2. Simple diffeqn_wotraj study and proof of concept was performed 
with satisfying effects

3. Complex diffeqn_f4k0 (4 times diffeqn_wotraj with sum) Runge Kutta
was implemented successfully

4. TO DO
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