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Abstract — CAN (Controller Area Network) is currently used in a wide variety of applications, especially with high demand of real-
time ability such as Antilock Brake System (ABS) and Electronic Stability Program (ESP) in a car. The purpose of this study is to 
analyze the real-time ability of CAN and test it by simulation and platform experiment. In this study, time characteristic of 
message sending and receiving in CAN network is analyzed, furthermore a new method for testing CAN real-time ability by 
inserting a CAN bus into the feedback loop of inverted pendulum system is proposed. The Mathematical model of the CAN 
networked inverted pendulum system is built, and a LQR controller is designed. Simulation results in Matlab shows that the CAN 
networked system can run functionally but with more oscillation compared with traditional inverted pendulum system. The 
experimental result testifies the results of the simulation and indicates the system time delay mainly depend on the CAN bus baud 
rate and system sampling period. Simulation and platform experiment both verify the good real-time ability of CAN, meanwhile 
demonstrate inverted pendulum system is an ideal platform for testing real-time control. 
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I. INTRODUCTION 

 
CAN (Controller Area Network) bus as a candidate 

network of Networked Control System [1] implementations 
was invented in the middle 1980s by Bosch. It is a serial 
communication bus and designed to transmit control and 
feedback signals between the controller and sensor in real-
time embedded system [2]. Due to its superior performance, 
it’s currently used in a wide variety of applications such as 
industrial automation, heavy equipment and agricultural [3], 
especially with high demand of real-time ability such as 
Antilock Brake System (ABS) and Electronic Stability 
Program (ESP) in a car. 

Inverted pendulum is a multivariable, nonlinear, strong-
coupling and naturally instable system which is widely used 
as a benchmark for testing control algorithms (PID 
controllers, neural networks, fuzzy control, genetic 
algorithms, etc.). For instance, a PID controller was designed 
and applied to test the stabilization and tracking control of 
three types of inverted pendulum [4]. A robust adaptive 
control architecture is developed and implemented [5], which 
was operated on the inverted pendulum system. A fuzzy 
approximators is used to estimate unknown function of the 
friction or the friction coefficient in the inverted pendulum 
system[6]. YI proposed a fuzzy controller with four input 
items [7]. Each input item was connected to a single input 
rule module and had a dynamic importance degree. This 
fuzzy controller could stabilize the inverted pendulum 
systems within 9.0 s with an initial angle up to 
30.0°.ZHANG did research on the relationship of the time 
delay and the performance of inverted pendulum system[8]. 
Mori [9] and Shirokura [10] respectively invented one kind 
of inverted pendulum type vehicle based on the principle of 
inverted pendulum. 

In view of its characteristics, inverted pendulum system 
is also an ideal platform for testing the real-time ability of 
control systems. In this paper we designed a CAN networked 
inverted pendulum system, in which a CAN bus was inserted 
into the feedback loop of the system that makes the feedback 
signal sampled by the sensor transmit to the control lervia 
CAN. With such approach, the time delay generated in the 
signal transmission may bring wide range doscillation that 
will even cause instability of the system[11]. The aim of this 
research is to test the real-time ability of CAN bus and to 
study the reaction of the inverted pendulum system to time 
delay caused by CAN. 

The remaining parts of this paper are organized as 
follows. CAN basics and real-time analysis is presented in 
section 2. The mathematical model of the system is built in 
section 3. Section 4 shows the system hardware composition. 
The simulation and experimental results are given in section 
5. Conclusions are drawn in Section 6. 

II. REAL-TIME ANALYSIS OF CAN 

CAN is a serial communication protocol that means the 
transmission and reception of data are conducted bit by bit. 
CAN, like Ethernet, uses a medium access method of Carrier 
Sense Multiple Access with Arbitration on Message 
Priority(CSMA/AMP)to gain access to the bus. However, 
unlike Ethernet, no destructive collisions will occur. In 
CAN-based network, data exchange between the transmitting 
node and receiving node uses message frame. All data is 
message oriented by labeling an identifier at the start 
segment of the message frame, and in the whole network the 
identifier is unique. On the receiving side, the node can 
accept or discard the message by distinguishing the 
identifier. Therefore while implementing a CAN network, 
the engineer has great flexibility, which demand no hardware 
or software change while adding a new purely receiving 
node to the existing network. 
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Message frame transmitting through CAN bus includes 
two formats:standard CAN(11-bit identifier) and extended 
CAN(29-bit identifier). The message frame format of CAN 
is shown in Fig. 1[12]. 

 

Fig.1 CAN frame format 

 

The total overhead data bits of a message frame is 44 or 
64 bits,which includes start of frame(SOF),arbitration(11 or 
29-bits Identifier),control,CRC, acknowledgment(ACK) and 
end of frame(EOF). The data field can vary from 0 to 8 
bytes. CAN is a deterministic protocol optimized for short 
messages.For the specified message priority in the arbitration 
field,higher priority messages always win the access to the 
medium during arbitration, which makes CAN a 
deterministic protocol. 

In a CAN network based control system, since the 
control and feedback signals are transmitted via the 
communication channel, which imposes additional timedelay 
in control loops, it will possibly cause packages loss and also 
make the analyzing and designing of a control systemmore 
complex. In some cases, due to the time delay the system’s 
performance will be degraded. 

During the process of data exchange on the 
communication channel, the control node and sensor node 
both need time to send and receive data though the time is 
very short. Meanwhile the data travels from one node to 
another will spend time too. So considering the data 
transmission route, the time delay induced by network has 
two types:sensor-to-controller  and controller-to-actuator 

. For a whole closed loop system, the time delay τ can be 
totaledtogether as for the purpose of 
analysis[13]. 

For further,the time delay for a message data transmitted 
from sender to receiver, can be divided into three parts 
including time delay that happens at the sending node, that 
on the network channel, and that at the receiving node. 

In the sending node, the processorneeds time to prepare 
the message to be sent for computing, coding, queuing, 
sending,and possiblynetwork traffic blocking. The data 
propagating time on the network channel depends on the 
physical distance between the sender and receiver. 
Similarlyin the receiving node, the message needs be 
decoded and computed before it can be used. 

The time delay happening at the sending node includes 
the preprocessing time , the waiting time  

( )and the blocking time . Meanwhile  would be 
the sum of the computation time and the encoding 
time . The amount of the data to be sent and the traffic 
condition significantly affect the length of . The time 
delay happening at the receiving node only includes the post 
processing time , which is the sum of decoding time 

 and the computation time . The propagation 
delay and transmission time of a message 

contribute to the network time delay . It depends on 
message size,data rate,and the length of the network 
cable.The detailed timing diagram of sending a message on 
the network is shown in Fig. 2. 

 
Fig.2 Atimingdiagram of sending a message on network 

 
The following equations can be taken to express the time 

delayexplicitly. 

	
													 	

       (1) 

The preprocessing time( ) depends on the main chip 
computing speedand hardware configuration.The network 
traffic load and the amount of data needs to send determines 
the . is composed of and . can be 
expressed as follow[14]: 

44 8 8 35 /5   (2) 

64 8 8 55 /5   (3) 
Equation(2) fits for standard frame, and extended frame 

uses equation(3). The term N is the byte amount of 
data. is the bit time of the bus. The time delay includes 44 
bits overhead per message and 35 bits are subjected to be bit 
stuffing. The  is almost 1us/100m for the worst case. 

III. STRUCTUREAND MODEL OF SYSTEM 

Conventionally， the inverted pendulum system consists 
of a straight-line rail, a cart moving on the rail, a pendulum 
as well as a rod, which is hinged in the center of the top 
surface of the cart and can rotate around the pivot in the 
same vertical plane with the rail. The cart can move freely in 
the horizontal direction. 

Generally while the rod oscillation is small, the inverted 
pendulum system, as shown in Fig. 3,can be modeled as a 
linear system.Its governing equations are as follows,where M 
and m are the mass of the cart and pendulum respectively;x 
is the horizontal moving position of the cart;I is the moment 
of inertia of the rod;l is the distance between joint and mass 
center of pendulum;θ is the angle of swinging rod and 
vertical downward direction;b is friction coefficient;F is a 



XINMING XU et al: REAL-TIME ANALYSIS AND TEST OF CAN BUS ON INVERTED PENDULUM SYSTEM 

DOI 10.5013/IJSSST.a.17.37.28                                           28.3                            ISSN: 1473-804x online, 1473-8031 print 

horizontal force of the cart andgis the reduced gravity 
acceleration. 

 

 
Fig.3 Schematic diagram of inverted pendulum system 

 

(4) 

Assuming that 	 (  is the angle between 
swinging rod and vertical upward direction). As is 
negligibly small on the balance position, we can get that   

1, , 0 . Using u to substitute 
force F, linear equations can expressedas follows: 

  (5) 

Generally, the state space equation of continuous system 
can beexpressed as: 

   (6) 

The state variables of the system are taken as: 
, , , . The state space equation of the 

system is as follows: 

0 1 0 0

0 0

0 0 0 1
0 0

∙ 	

0

0
 (7) 

y 1 0 0 0
0 0 1 0

0
0

 (8) 

The insertion of CAN network between the encoder and 
the controller leads to a time delay from the sensor to 
controller. The system model considering network-induced 
delay is show in Fig. 4. 

 
Fig.4 Block diagram of inverted pendulum with CAN 

Since the Encoder rotates with rod, it will accordingly 
output pulse signal which can be used to measure the rotation 
angle. The controller calculates the rod’s angle by the pulse 
signal. Considering the sampling period h and the total CAN 
bus induced time delay, the system equations can be written 
as: 

, , 1
   (9) 

     
   (10) 
, , 0,1… …… 

   (11) 
The discrete system models can be written as: 

1
1   (12) 

Where: 

    
 (13) 

    

 (14) 

Defining a new state vector ,
1 , the closed-loop system is[15]: 

1    
 (15) 

Where: 

0
  

  (16) 

According to ref. [13], if  is Schur, then the Solution 
(16) is exponentially stable. 

The network-induced delay can be constant, time 
varying, or even random, which depends on the medium 
access control. With the properties mentioned in Section 2, 
we know that the CAN bus time delay can be guaranteed as a 
constant, which simplifies the analysis of the system. 

IV. THE HARDWARE DESIGN OF SYSTEM 

To build such a system, the traditional inverted pendulum 
system should be reformed and inserted with CAN bus 

  with  
time delay 

Encoder inverted 
pendulum Controller 

CAN 
Node2 

CAN 
Node1 

CAN  
Bus 
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module. In the traditional inverted pendulum system, a servo 
motorcontrolled by motor driver drives the rod. The motor 
driver gets instructions from PC. Motion card is the bridge of 
the PC and motor driver, which exchanges data with PC on 
PCI interface. The CAN bus module is added to the back 
loop in the system whichresponses for transmitting the angle 
encoder signal of the swinging rod. One nod receives the 
angle feedback signal from the angle encoder and transmits 
the signal to the CAN bus bit by bit. Another nod gets the 
signal from the bus and passes it to motion control unit. The 
hardware block diagram of the system is described in Fig. 5. 

 

 
Fig.5. The hardware block diagram of the system 

TABLE I.  EMPLOYMENT OF MAIN HARDWARE  

Hardware names Hardware models Amount 
MCU LPC2294 2 

Motion control card Googol GT-400-SV-PCI 1 
Motor driver Panasonic MADDT1207 1 
Servo motor Panasonic MSMD022PIU 1 

 
PC is the core of the entire system, which is responsible 

for the control algorithm calculation, and control instruction 
output tothe motor driver through motion control card. CAN 
module is actually a sensor ofcapacity of CAN 
communication, which samples the angle encoder signal as 
well as encodes and decodes data on the bus. The central 
processor is a MCU(Micro Control Unit) with high 
computing speed and real-time processing capabilities. The 
employment of main hardware is shown in Table 1. 

V. SIMULATION AND EXPERIMENTAL 

The parameters of the system are shown in the Table 2. 

TABLE II.  PARAMETERS OF THE SYSTEM 

Symbol Parameter Value Unit 

M Mass of the car 1.096 kg 

m Mass center of the rod 0.109 kg 

b Friction coefficient 0.1 - 

l Length of the rod 0.25 m 

I Inertia of the rod 0.0034 kgm2 

H System sample cycle 0.005 s 

 
According to the real-time analysis of CAN bus in 

Section 2, the time delay of a message sent to the destination 
node mainly includes , ,  and . Thanks to the 
rapid development of silicon technology and software, the 
MCU can run at a very high speed with high performance. In 
many cases, the preprocessing time at the source node may 
be negligible. Besides, there are only two nodes in the 
network (one node sends messages and another receives)and 
the source node can access the bus without wait, so the  
can be supposedto be zero. Hence the total network time 
delay approximately equals to Ttx. Since the rod angle signal 
can be transmitted in one byte,the data flied can be set to one 
byte. Considering the CAN bus is event trigged and the send 
cycle ishs=0.5ms, the max system timedelay may expressed 
as: 

   (17) 
The network time delay  and max system time delay 

 under different bus speed are calculated usingEquation 
(17). The results are given in Table 3.  

TABLE III.  TIME DELAY UNDER DIFFERENT BUS SPEED 

Parameters Value Unit 

Bus speed  125 250 500 1000 kbits/s 

 480 240 120 60 us 

 980 740 620 560 us 

Using the state space of the system, a LQR controller is 
designed in Matlab[16][17], and state back vector K is got 
as: 

	70.7107, 37.8345, 105.5298, 20.9238  

SubstitutingK and Sampling periodh=0.005 into 
Equation (17), we get the matrix of as follow: 

 

Φ . , .

1.0013 0.0057 0.0018 0.0004 0.0007 0.0004 0.0010 0.0002
0.6536 1.3399 0.9040 0.1819 0.1593 0.0830 0.2236 0.0443
0.0033 0.0017 0.9958 0.0041 0.0018 0.0009 0.0025 0.0005
1.6340 0.8498 2.1377 0.5454 0.0983 0.2077 0.5590 0.1109
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0
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Φ . , .

1.0016 0.0058 0.0022 0.0004 0.0004 0.0002 0.0006 0.0001
0.7218 1.3755 0.9998 0.2009 0.0910 0.0475 0.1277 0.0253
0.0040 0.0021 0.9948 0.0039 0.0011 0.0006 0.0015 0.0003
1.8047 0.0938 2.3773 0.4979 0.2267 0.1187 0.0.3194 0.0634
1 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 0 1 0 0 0 0

 

 

While 0.00098 and 0.00056, the eigenvalue 
of is respectively:  

.

0
0.0321

0.9484 0.0438
0.9484 0.0438
0.9767 0.0046
0.9767 0.0046

0
0

 

.

0
0.0184

0.9490 0.0437
0.9490 0.0437
0.9767 0.0045
0.9767 0.0045

0
0

 

Hence on the condition of minimum and maximum of 
τ, all the absolute values of the eigenvalue of  are less 
than one, so the matrix  is Schur, and the system is 
exponentially stable. 

By Matlab scientific calculation, we get the impulse 
response of inverted pendulum system with LQR control 
in Fig.6, which shows the system can response the impulse 
rapidly and stabilize in a very short time. 

 
Fig.6 Impulse Response of Inverted Pendulum 

At the same time, we get the impulse response of the 
system by setting CAN bus at different baud rate. Fig.7(a-

d) respectively shows the system impulse response at 
speed of 1000bits/s, 500kbits/s, 250kbits/s, and 125kbits/s. 
The amplitude of the cart position and rod angle are 
greater than the value in the system without CAN 
bus.Moreover it makes the settling time much longer and it 
will take almost 1.5s to reduce the cart position to below 
0.005m. Although the insertion of CAN bus leads to more 
jitter in the system, it could response the challenge 
normally. 

 
(a) Impulse response under 1000 kbits/s 

 
(b) Impulse response under 500 kbits/s 
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(c) Impulse response under 250 kbits/s 

 
(d) Impulse response under 125 kbits/s 

Fig.7 Impulse response under different speed 

In addition, the network schedules of different baud 
rate are obtained as shown in Figure 8(a-d). 

 
(a) Network schedule of 1000 kbits/s 

 
(b) Network schedule of 500 kbits/s 

 
(c) Network schedule of 250 kbits/s 

 
(d) Network schedule of 125 kbits/s 

Fig.8 Network schedule of CAN Bus with multi-speed 

The network schedule represents the status of CAN bus 
(high=sending, medium=waiting, low= idle). The duration 
of high level implies the time of sending a message. As we 
can see that, the duration of message sending with 
different bus speed corresponds to the value presented in 
Table 3. The nod sending a message in lower speed will 
take more time, as the bit time is longer. 

The experimental apparatus with inverted pendulum is 
beingstabilized in the up positionasshown in Fig.9. 
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Fig.9 The experimental apparatus 

The experimental results captured by oscilloscope are 
shown in Fig.10(a-d). There are two square wave signals 
collected simultaneously with a scope. Channel A 
measures the rod angle, and Channel B samples the rod 
angle with time delay. The time delay of rod angle signal 
under different bus speed is shown in Table 4. 

During the rod angle sampling process, the angle is 
measured by the number of pulse. The time gap of the 
rising edge between two channels represents the time 
delay caused by the whole CAN module system, and the 
system’s time delay approximates the time delay induced 
by CAN only. As show in Table 4 and Fig.11, the time 
delay of 1000 kbits/s is least, which is physically shown in 
the experiment that the system takes the least time to set 
down. Accordingly, there will be more vibrationin the 
system while the bus speed is lower. The system is 
affected obviously by the time delay caused by CAN, 
however the system can keep stable even at low bus speed 
of 125 kbits/s, which testified the good real-time ability of 
CAN bus. 

 

 
(a) Rod angle signal under 1000 kbits/s 

 
(b) Rod angle signal under 500 kbits/s 

 
 

(c) Rod angle signal under 250 kbits/s

 
(d) Rod angle signal under 125 kbits/s 

Fig.10 Rod angle signal and rod angle signal with delay under 

multi-speed of CAN 

TABLE IV.  TIME DELAY OF ROD ANGLE SIGNAL 

Item Value Unit 
Bus speed 1000 500 250 125 kbits/s 
Time delay 180 280 440 600 us 
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Fig.11 The relationship of bus speed and time delay 

VI. CONCLUSIONS 

An inverted pendulum control system with 
introduction of CAN bus is established. The insertion of 
CAN bus leads to sensor sample time delay. Based on 
analysis of the maximum and the minimum of the time 
delay, we build the mathematical model of the system. 
Accordingly we design a LQR controller, and prove the 
stability of the system. The time delay of sensor signal 
varies depending on the bus speed and system sampling 
period, the higher bus speed will be companied by the 
smaller time delay. Hence the system has the least time 
delay with the CAN bus at speed of 1000 kbits/s. The 
simulation and experimental results verify the analysis of 
the network’s time delay, and prove that the system is 
stable. This system verifies the good real-time ability of 
CAN, meanwhile demonstrates inverted pendulum system 
is an ideal platform for testing real-time control. 
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