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6.0 Project Objectives 

 
The aim of the project is to demonstrate the use of the ADSP-21065 SHARC DSP 

board for real-time control. This will be demonstrated by developing control algorithms 
using linear quadratic gaussian and fuzzy control methods. The target plant will be an 
inverted pendulum plant to be controlled by the SHARC board. 

 
7.0 Introduction 
 

An inverted pendulum system consists of a pendulum attached to a motor driven 
cart, where it is desirable to keep the pendulum in the inverted position. This is achieved 
by moving the cart back and forth by applying the appropriate force. Balancing an 
inverted pendulum mounted on a motor-driven cart is a classical controller design 
problem. The aim of this project is to apply the use of the SHARC DSP board as a 
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controller for  an inverted pendulum system, using two well-known methods of real-time 
control: linear quadratic gaussian (LQG) control and fuzzy control. 

The inverted pendulum system has many practical applications and is often used 
to test new controller designs. Some of its applications in the real world are as follows:  

- Controlling the vertical deviation of a space shuttle during 
takeoff  

- Balancing a rocket as it is moved to the launch-pad (crawler)  

- Maintaining a walking biped robot in its upright position  

These are but a few of the practical applications of the inverted pendulum process. 
As can be seen from the above examples, the task at hand is essentially one of altering the 
centre of gravity (cog) of an object. The cog of the object is adjusted, using varied 
techniques, to keep the mass in its desired position of unstable equilibrium. [1] 

 

8.0  Review of Related Literature 
 

Analog Devices SHARC DSP Board 

The ADSP-21065L is a member of Analog Devices Inc.'s 32-bit general-purpose 
programmable floating-point SHARC (Super Harvard Architecture Computer) family.  

The ADSP-21065L can process 180 million fixed-point operations per second. As 
a result, the new SHARC processor can facilitate the development of real-time 
applications such as smart cruise control/collision avoidance systems in automobiles, 
digital audio in consumer, and speech recognition in computers.  

Based on 0.35-µm three metal layer CMOS process, the ADSP-21065L integrates 
a high-performance 32-bit floating-point DSP core with features like 544 kbits of dual-
ported SRAM, host processor interface, direct-memory-access controller, synchronous 
DRAM (SDRAM) controller, and enhanced serial ports.  

The SDRAM controller permits glueless interface to low-cost external memory up 
to 64 Mbytes. Consequently, it can be linked to various commercially available memory 
types. In addition, it features an I/O throughput of 240 Mbytes/s. Other key features 
include two external ports for communicating with external devices, an I2C interface that 
supports eight data channels for consumer audio and video systems, and 10 direct-
memory- access channels.  

 

LQ Controllers 

Lead compensation-based controllers include lag, lead and lag-lead compensation, 
PD, PI and PID controllers, cascade compensation based on root-locus method, and 
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feedback compensation.  These are reasonably straightforward to synthesize without 
needing an accurate model for the structure. Although simple and effective, their 
systematic use is limited to single input single output applications. Moreover, they are 
collocated controllers, i.e., they require the actuation and sensing to occur at the same 
location(s) which might not be always possible. Lastly, they are not optimal controllers. 
[2] 

 
Linear Quadratic Control (LQ) refers to a body of techniques developed since the 

1960s for control systems design.  The LQ problem itself is an important subset of the 
powerful machinery of optimal control.  The plant is assumed to be a linear system in 
state space form, and the objective function is a quadratic functional of the plant states 
and control inputs.  The problem is to minimize the quadratic functional with respect to 
the control inputs subject to the linear system constraints.  The problem can also be 
formulated and solved in the frequency domain using transfer functions.  The advantage 
of LQ formulation of problems is that it leads to linear control laws that are easy to 
implement and analyze.  [3] 

 
LQG controllers are model-based and their successful application relies on the 

existence of an accurate model. This in turn requires the accurate knowledge of the 
parameters of the model, i.e., natural frequencies, modal damping coefficients, and mode 
shapes. As stated earlier, the use of truncated models (using only a limited number of 
modes) leads to observability and controllability spillovers which result in lack of 
stability and performance robustness. All these perhaps explains why despite the fact that 
the LQG controller has been around for more than 3 decades it has not been widely used 
by practitioners. [2] 

 
 

Fuzzy Control 
 
 Chuy [4] describes fuzzy control as new control methodology based on rules that 
the knowledge engineer or expert uses in controlling the process. Fuzzy control is 
founded on fuzzy logic, and it works with linguistic variables in the form of rules as 
compared to classical control that works with differential equations describing the 
system. Classical control is set-point oriented, while fuzzy control is task oriented. 
Passino et. al [5] describe classical and fuzzy control as complementary to each other, 
and that fuzzy control should be an extension of classical control. Fuzzy control as 
applied to the inverted pendulum problem has been tackled before by other groups such 
as Musjinka, et.al. [6] 
 
 Chuy[4] describes fuzzy control as based on the concept of fuzzy sets, in which 
membership is not an absoulte value of 0 or 1, but rather a value in the range [0, 1]. In 
classical sets the membership function ì for a set A is defined as 
 
 ìA(x) = {1 if x ∈ A, 0 otherwise. 
   
 This function takes only the values 0 or 1. Suppose we consider a membership 
function ìA(x) that takes values in the interval [0, 1]. The function then becomes fuzzy 
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since the degree of membership is no longer restricted to either 100% or 0%. Such as set 
is represented in ordered pairs 
 
 A = { (x, ìA(x)) | x ∈ A, ìA(x) ∈ [0, 1] } 
 
 The value ìA(x) specifies the degree of membership of x in fuzzy set A. This 
indicates that the larger the value of ìA(x), the higher the degree of membership. 
 
 Passino et.al. [5] discussed the basic concept of a fuzzy controller. It is composed 
of the fuzzification interface, inference mechanism, rule base, and defuzzification 
interface. Each part is described below. 
 
 Fuzzification interface converts the input of the fuzzy controller into fuzzy 
language or information that the inference mechanism can easily use to activate and 
apply rules. This is done by translating the input values into corresponding linguistic 
values described by fuzzy sets. For example, if the input is an error value, it can be 
described by these fuzzy sets: 
 

Error = {neglarge, negsmall, zero, possmall, poslarge} 
 
 Where “neglarge” describes a value that has a large negative value, while 
“possmall” describes a small positive value, and so on.  
 
 Rule base is the set of rules determined by the expert or knowledge engineer, as 
described by Gokdogan [7]. These rules define what the output should be based on the 
inputs, and is expressed as linguistic values. For example, Chuy[4] chose to use a a set of 
rules to have a monotonic, piecewise linear response, similar to the following: 
 
 1. If error is neglarge then output is neglarge. 
 2. If error is negsmall then output is negsmall 
 3. If error is zero then output is zero 
 4. If error is possmall then output is possmall 
 5. If error is poslarge then output is poslarge. 
 
 The inference mechanism uses the rules outlined in the rule base to determine the 
linguistic value of the output. 
 
 The defuzzification interface translates the linguistic value of the output into 
numeric representation. Although there is no unique way to perform the defuzzification, 
there are several existing methods such as center of gravity, where the output is found 
from the center of gravity of the aggregated output, and mean of maximum, where the 
mean of the maximum values is taken for the output value. 
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9.0 Design 
 
The following is the block diagram of the system to be developed: 
 

 
 

Figure 9-1. System block diagram 
 
 
 
The inverted pendulum system consists of a motorized cart that slides along a 

steel shaft using linear bearings. The cart is driven via a rack and pinion mechanism as 
opposed to belts or wheels. This ensures consistent and continuous traction. The cart 
position is sensed potentiometer. The cart is also instrumented with a rotary joint with 
ball bearings to which a free falling aluminum rod can be attached. This rod functions as 
an "inverted pendulum" in subsequent experiments. The angle of the rod is sensed using a 
potentiometer. The rod to be used will be approximately 0.60 meters in length and the 
rack along which the cart moves will be approximately 1 meter in length. Shown below is 
a preliminary sketch of the cart and pendulum system. 
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Figure 9-2. Sketch of Cart and Pendulum 

 
The controller will consist of the SHARC DSP board, and external input and 

output hardware. The input hardware will consist of an analog-to-digital converter 
connected to the SHARC processor via the on-board serial port SPORT0. The output 
hardware will consist of a serial digital-to-analog converter with input coming from the 
same on-board serial port. A transmit/receive clock generated by the SHARC board’s 
serial port will drive both input and output circuits. The inputs to the DSP board are the 
pendulum angle and the cart position, while the output will be used to drive the motor. 
The block diagram of the input/output interface to the SHARC board is shown below: 

 
 

Figure 9-3. DSP Board Connections 
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The SHARC’s on-board serial port SPORT0 is accessible via the on-board 
EMAFE connector, and consists of three pins on each side (transmit and receive), one for 
data, one for the transmit/receive clock (to be supplied by the board), and one for frame 
synchronization, which can be used as a chip select signal for the ADC/DAC chips. The 
data, clock and frame sync signals are all output from the SHARC board as shown in the 
figure below. 

 
 

Figure 9-4. Communication Signals with SHARC board 
 
The ADC chip to be used for the project is the LTC1298, an 8-pin serial analog-

to-digital converter with sample and hold manufactured by Linear Technologies. The 
DAC chip to be used is the LTC145, a serial digital-to-analog converter with rail-to-rail 
output also manufactured by Linear Technologies. 

 
To control the torque of the DC motor, a current controller will be used to 

regulate the current passing through it, shown below.  A Darlington NPN power 
transistor will be used to provide the power requirements of the circuit. Four diodes are 
added to minimize the nonlinearities in the transistor operation caused by base-emitter 
voltage drop. The circuit is similar to the current control circuit used by Minguez, et.al. 
[8] 
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Figure 9-5.  Current Drive Control Circuit 

 
Design will undergo five phases: modeling, where the inverted pendulum system 

is characterized; control structure where the feedback loop is designed; control design, 
where the controller is designed; simulation, where the effects of the controllers will be 
simulated with MATLAB; tuning, where the controller parameters are adjusted to attain 
the design parameters; and verification, where the experimental results are compared to 
the theoretical results derived from simulation. 

 
The control objective for both controllers is to maintain the pendulum in a vertical 

position and to make the cart achieve the desired position reference, alternating between 
two points with a period of 30 seconds. The design criteria for the controller are: settling 
time of less than 5 seconds, and the pendulum should not move more than 0.05 radians 
from its vertical position. 

 
The first step in obtaining the LQG controller is to determine the state space 

representation of the system. 
 
 
 
We can then formulate the state equation as a function of the inputs, namely the rod angle 
and its angular velocity, and the cart position and velocity.   
 

The next step is the formulation of the observer.  An observer can approximate 
the complete state of the system based on the observable part of the state.  Since we are 
directly measuring the rod angle and cart position, we only need to estimate the 
remaining two states:  the rod angular velocity and the cart velocity.  In this case, we will 
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design a reduced order observer, as opposed to a full order observer, because the reduced 
order observer is sufficient enough to estimate the entire state of the system.  We can then 
find the control equation by combining these two equations. 

 
This controller will first be simulated in MATLAB.  Then a Simulink model will 

be developed to verify the results.  The controller will then be converted to a program for 
the SHARC DSP board. 

 
The fuzzy controller will be designed similar to the methods outlined by Chuy [4] 

and Gokdogan [7] The block diagram of the fuzzy controller is shown below: 
 

 
Figure 9-6. Fuzzy Logic Controller 

 
 
 
The fuzzification block will take the angular error, the derivative of the error 

(angular velocity), cart position, and the derivative of the cart position as inputs, and will 
use five membership functions corresponding to the linguistic values  

 
Error = {neglarge, negsmall, zero, possmall, poslarge} 
 
The membership functions will be defined as triangular membership functions 

whose  widths will be used to tune the controller. 
 
The rule base for the fuzzy controller can be determined by analyzing the 

relationship between the inputs (angle, angular velocity, cart position, cart velocity) and 
the output (motor current, corresponding to cart velocity.  

Consider for example that the cart is stationary at the center (cart position and 
velocity is zero), the pole is in the upright position (angle is zero) and it does not move 
(angular velocity is zero). Obviously this is the desired situation, and therefore we don't 
have to do anything (speed is zero). 

Let's consider another case: the pole is in upright position as before but is in 
motion at low velocity in positive direction. Naturally we would have to compensate the 
pole's movement by moving the platform in the same direction at low speed.  
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The final block of the fuzzy controller is the defuzzifier interface. It aggregates 
the outputs of each rule or converts these fuzzy outputs to a crisp value. The fuzzy 
controller used the commonly employed defuzzification method, which is the center of 
gravity method. 

  
 

10.0 Implementation 
 

The researchers’ first priorities are to familiarize themselves with software  
development for the SHARC ADSP-21065 DSP Board, to design the external input and 
output hardware, and the design of the inverted pendulum plant itself. The next step is to 
build the inverted pendulum plant, and to test and implement a simple pass-through 
system using the SHARC board and the additional input and output circuits. Once these 
steps are completed, the project is halfway done, and development can focus on the 
implementation of the two control algorithms to be used: linear quadratic gaussian (LQG) 
and fuzzy control.  

 
The equipment to be used in the project are: 
 
- the ADSP-21065L SHARC DSP board 
- LTC1298 12-bit serial Analog-to-Digital converter and LTC1451 12-bit serial 

Digital-to-Analog converter manufactured by Linear Technologies. Both these 
chips are to be ordered from RS Electronics 

- The materials to be used for construction of the inverted pendulum and cart 
system, including but not limited to, a dc motor, a rack and pinion system, an 
aluminum rod. 

 
The budget estimate for this project is as follows: 
 
- LTC1298, P632.70 
- LTC1451, P527.10 
- Miscellaneous materials, P1000.00 
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11.0 Project Schedule 
 

1st Sem 2000-2001 
June July August September October 

 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

1           
    2           
         3   
                 4 

5   
 

Figure 11-1. Project Schedule and Work Division for 1st Sem 2001-2002 
 

Phase Goals needed to be accomplished at the end of each phase 
 Stephen Roy Tang Paul Michael Villangca 

1 Familiarization and review of SHARC 
DSP board, fuzzy control, MATLAB 
fuzzy toolbox. 

Familiarization and review of SHARC 
DSP board, state-space control 

2 Design, construction and testing of 
ADC/DAC circuits. 
 

Design and construction of hardware 
plant, and construction of external 
circuits. 
 

3 Development of fuzzy controller. Development of LQG controller. 
4 Integration 
5 Documentation 

 
Figure 11-2. Project Phases 

 
 Weekly Schedule 
 
 Stephen Roy Tang 

- review of MATLAB fuzzy toolbox and fuzzy control (week 1-10) 
- design of ADC/DAC circuits, ordering of parts, review of SHARC (week 5) 
- construction and testing of ADC/DAC circuits (week 6-7) 
- design and verification of inverted pendulum control in MATLAB (week 8-9) 
- (halfway point) 
- characterization of inverted pendulum plant (week 10) 
- implementation and tuning of fuzzy controller (week 11-16) 
- integration (week 17-18) 
 

Paul Villangca 
- Review of MATLAB (week 1- 3) 
- Review of state space, full state feedback (week 4) 
- Full state, reduced order observers, canvassing of parts for plant (week 5) 
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- LQR theory, optimal observer design, construction of plant (weeks 6-7) 
- LQG theory, design and verification of inverted pendulum control in 

MATLAB (weeks 8-9) 
- (halfway point) 
- characterization of inverted pendulum plant, review of SHARC (week 10) 
- development of LQG controller (weeks 11-16) 
- testing (week 17) 
- integration (weeks 18 – 19) 

  
  Things to be accomplished before the halfway-point (August 10, 2001):  
  

- Demonstrate MATLAB simulations of the inverted pendulum system using 
both the LQG and fuzzy controllers. 

- Demonstrate the ADC/DAC circuits by using a simple pass-through program 
- Demonstrate the operation of the inverted pendulum plant 
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