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Abstract: In this paper, we propose an implementation method for a hardware-in-the-loop (HIL) simulator for an inverted
pendulum system using low cost open-source hardware. We adopted the Arch Max (ARM Cortex-M4-based open-source
hardware) as an HIL simulator platform. Using the nested vectored interrupt controller (NVIC) mechanism of the Cortex-M4
core, we assigned three interrupts with different priorities to handle three parts of the HIL simulator. The model equation of the
inverted pendulum system was solved in real-time using the Runge-Kutta method in a timer interrupt service routine. An input
capture interrupt-based method was used to simulate the motor drive by converting the duty ratio of pulse width modulation
(PWM) signals into the voltage level applied to a DC motor. To simulate incremental rotary encoders, which are two sensors
for the inverted pendulum system, a timer interrupt-based quadrature pulse generation algorithm was presented and to generate
the quadrature pulse more accurately, an error compensation method was also provided. Finally, animation functionality to give
a visual indication of how the controller is progressing was implemented through Vpython. Through experiments, we illustrated
that the proposed HIL simulator successfully simulates the real inverted pendulum and is useful for teaching students about
designing a working controller through programming embedded devices.
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Fig. 1. Conceptual diagram of an inverted pendulum system.



The Implementation of a Hardware—In-The—Loop Simulator for an Inverted Pendulum System Using Open—Source Hardware 119

Pendulum
Q

DC Motor

7% 2. AN AR EPRA A 28] 331 T,
Fig. 2. 3D diagram of a lab-built inverted pendulum system.
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Fig. 3. Picture of a lab-built inverted pendulum system.
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Table 1. Model parameters of the lab-built inverted pendulum.

Parameters Values

K, 0.257 [Nm/A]
K, 0.257 [V-rad/sec]
M 0.712 [Kg]
m 0.209 [Kg]

r 0.0194 [m]

l 0.326 [m]

A 0.00974 [Kgm?]
R, 2.32 [£2]

b 0 [N-sec/m]
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Table 2. Function, the kind of interrupts, period, and priority.
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Fig. 10. Case of crossing borders (left: CW, right: CCW).

&318]F 1. Quadrature pulse A4 YaLE] &
Algorithm 1. Quadrature pulse generation algorithm.

1: 4= Kz; // encoder angular velocity

2: ¢=¢+PA; // rotation update

3: if(i/}Z 0){ /I clockwise rotation

4: if(¢p > a){ // border crossing

5: ¢ =¢—«; // normalization

6: N=N+1; // counter increment
7 state = (statet+1)%4; // state update
8: }

9: }

10: else{ // counter-clockwise rotation

11: if¢p < 0){ // border crossing
12: ¢=¢+a; // normalization

13: N=N—1; // counter decrement
14: state = (state-1)%4; // state update
15: }

16: }

17: // Generation of A and B using the state number
18:  if{state=0) A=0, B=0;

19: else if(state=1) A=1, B=0;
20: else if(state==2) A=1, B=l;
21: else if(state=3) A=0, B=1;

Clockwise
border crossing

Counter—clockwise
border crossing

9 11. Quadrature pulse A8/3-& 13+ e H o] =.

Fig. 11. State transition diagram for quadrature pulse generation.
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Fig. 12. Error correction using a compensator.
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