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Motivation 
There are many tools available to the engineer to assist them with the analysis, 
design and tuning of control systems. Many of these tools are specially designed 
software packages to model the controller and plant. In some cases, they create 
virtual solutions without coming in contact with actual hardware. These methods 
use assumptions and software to create nice solutions at your desk. They most 
likely will need to be tweaked or perhaps redone when they are combined with 
the actual system components such as a controller, sensors and actuators. 
 
One difficulty with this approach is the lack of understanding of the true 
characteristics of the plant. Along with this, the software solution doesn’t answer 
the question of how the controller components will interface to the plant. Another 
concern is that sometimes the characteristics of the sensors will play a role in the 
overall solution. Three-mode or PID controllers are very common in industry 
today because of their low cost and ease of applicability. They seem to be the 
first choice of application toward a solution and work well when the system is 
rather simple. What happens when parameters start to vary with time or change 
relative to other parameters such as temperature or pressure? Do we retune? Do 
we use gain scheduling, or perhaps do we use a system that is adaptive? Do we 
use a more complicated control strategy? If we had a better understanding of the 
plant dynamics or process characteristics we could explore other possibilities in 
the lab instead of at the customers expense.  
 
Furthermore, at some point during the development phase of a control system, 
the control strategy will need to be ported into the controller and tested against 
the actual plant. If the actual plant is not available because it has not yet been 
built, could we just use software to simulate the plant? The answer is NO. We 
can simulate the overall control/plant system using software tools but the control 
strategy warrants testing and debug when the final program is loaded into the 
target hardware. The project may not have enough time allocated to accomplish 
this. If there were a piece of hardware available that interconnects and interacts 
with the controller that can simulate the plant/process operation, this would allow 
you to test the overall system in a shorter time and place you much closer to the 
finish line with a higher level of confidence. 
 
The mbed rapid prototyping tool for micro-controllers is an excellent way of 
creating an actual platform to simulate a process or plant that is to be controlled.  
In this approach, the engineer will use data acquisition to gather information 
about the plant or process and use it to derive an approximate model that can be 
used to develop a controller and/or control strategy. Once a physical plant model 
has been attained, the engineer can use it to asses different types of controls 
that are necessary to achieve their objectives. The control system can be tested 
in the laboratory under changing parameters (temperature, pressure, flow, etc.) 
and not during a time the customer is trying to maintain production. 
 



This idea of creating an actual piece of hardware that simulates the plant can 
allow you to test the controller and achieve with absolute certainty that your 
control strategies will work and the system will interface to the plant without any 
surprises. 

 
Hardware 
The NXP mbed design challenge hosted by Circuit Cellar provided an opportunity 
to take a look at a really great prototyping platform, the mbed NXP1768. This 
small micro-controller board is based on the ARM Cortex-M3 operating at a 
speed of 96MHz with 512K bytes of Flash memory and 64K of RAM.  The mbed 
design places the ARM processor on a 40-pin DIP package with 0.1” spacing and 
a 0.9” width. The mbed board is designed to plug directly into a solderless 
breadboard. I chose a Futuelec protoboard to house the circuitry for this project. 
The mbed board hosts a load of interfaces including: (2) SPI ports, (3) serial 
ports, (2) I2C ports, (6) Analog inputs, (1) analog output, (6) PWM outputs, (1) 
CAN, (1) Ethernet and (1) USB interfaces. (26) of the pins may be used as bi-
directional digital I/O. The board can be powered through the USB connection or 
by an external voltage source in the range of 4.5 to 9V.  The mbed micro-
controller board is the heart of this project but provides quite a punch at a low 
cost for any project. The pin-out shown below shows the capabilities of the micro-
controller board. It can be found on the website: www.mbed.org. A visit to this 
website will immediately get you hooked on this great product. 
 
 
 

 
 



Below is a block diagram of the circuit build to host this application. This block 
diagram along with a schematic for the system and bill of material may be found 
in the appendix of this paper. The example that I used to explain this idea uses 
only two analog inputs and a single analog output. I have added the Microchip 
MCP4822 to provide an additional two analog output using the SPI bus. 
 

 
Below is a brief description for each element of the system. 
 
 
 
ANALOG INPUTS 
I wired all (6) of the analog inputs to the mbed micro-controller board to a 
connector in the event that a more complex process involving multiple inputs is to 
be simulated. In this example only two inputs were considered. AI0 is used to 
accept the command signal from the controller. The second analog input can be 
used to simulate the effects on the plant for changes in temperature. Providing 
an analog signal on this input can simulate this condition.  
. 
ANALOG OUTPUT 
The Plant Simulator uses two analog outputs. Analog Output channel 1 is the 
simulated transducer output with a range of 0-6V. The pressure transducer being 
simulated has a range of 1-6VDC. Analog Output channel 2 is used to monitor 
the systems dynamic response with a scope. It is adjusted to have a 0 -10V 
range. As a future note, this second output can also be used to simulate a plant 
with two outputs if need be.  
 



This system uses one of the two SPI ports available from the mbed package. 
Pins 5, 7 and 8 provide the MOSI, SCK and SSEL signals necessary for a SPI 
device to operate. The Microchip MCP-4822 is a 12 bit SPI input DAC chip that is 
used to produce a 0-5V output with a 0-4096 code input on both channels. Each 
channel uses ½ of a Microchip TC913A op-amp package. Both amplifiers can 
provide a gain of up to 3.3 and are both adjustable, 
 
DIGITAL INPUTS 
Digital Input at pin P21 was used to assist with testing when the software was 
being written. When this input is brought low, It forces a step function to be 
loaded into the input array. It can be used but serves as no other purpose. 
 
SERIAL PORT 
One of the three serial ports of the mbed controller is used with this simulator. 
Pins P9 and P10 perform transmit and receive functions that are used to 
communicate with a PC running a terminal emulator program for command 
control entry and data extraction. Since the system has no display or keyboard, 
all communications are implemented through the serial port. Hyperterminal 
(bundled with windows XP) was used in the development of this system. 
 
ETHERNET INTERFACE 
The Ethernet interface has been included on the schematic for this project and 
was wired but is not used for the simulator. I had a lot of fun working with the 
Ethernet interface with all of its capabilities but decided that I didn’t have enough 
knowledge to make it work well. Since MBED is a great learning tool, I was able 
to gain some knowledge in this area. 
 
 

Software 
 
The Plant/Process Simulator doesn’t have a display or keyboard. All 
communication with the system is done over the serial interface. A buffered, 
interrupt based serial driver that has been made available on the mbed.org 
website by developer Andy Kirkham of the United Kingdom was used in this 
application (Thank You Andy).  
 
Getting the serial interface functioning was very easy once the driver was setup. 
The application was slightly modified to support the simulator.  The main program 
is shown below in flowchart form.  
 
When the MAIN program starts its execution,  the first tasks to occur are: 
 
 SPI port is initialized 
 Variables are initialized 
 The TIC Handler is detached 
 Pull up resistor for DIN is enabled 



 
A display is written to the PC connected to the serial port indicating the program 
has been started and is ready for command entry. A prompt for HELP is also 
displayed. 
 
The system waits for a command to be entered. If a message is sent from the 
serial port, it will be processed by a call to the messageProcess () subroutine. 
This can be seen in the block diagram. 
 
The main program will also interacts with the TIC handler which calls the plant() 
subroutine and the acquisition function. When a plant simulation runs, the system 
will put data into two arrays: the input array U[] and the output array Y[]. These 
arrays are 2000 points each. They are circular in that there is no beginning or 
end.  The TIC handler is launched when the command RUN is executed. The 
commands will be explained in a later section of this report. If the RUN command 
is not executed, the system waits indefinitely for a command to be entered, 
 
When the command is given to RUN the simulation, the RUN_FLAG is set. The 
main program watches to see if an acquisition is requested. If no acquisition is 
requested, the main program does nothing. The system will continue to run the 
simulation in the background. When the ACQ command is entered, the system 
will start to acquire data. The circular array pointer iA is saved in ACQ_Index. 
This marks the beginning of the acquisition record. During this time, the main 
program simply monitors the event and keeps track of when a valid data record is 
stored; then count is incremented. The acquisition is complete when (count > 
samplesize-1). Upon completion, a file is opened and data is written starting at 
the ACQ_Index pointer until the number of requested records is saved 
(samplesize). After data has been written, the file is closed and the ACQ_Start 
flag is cleared. 
 



 
 
 
 



Using the System 
 
Connect the serial port of the system to a PC using a strait though cable. Any 
terminal emulator program may be used to setup the interface. I used 
Hyperterminal (bundled with window XP) for the development of this system. 
After hitting the reset pushbutton or powering the sytem up, you will see the 
following prompt: 
 
NXP mbed Design Challange 
Date: 28-Feb-2011 
By: NPX-3892 
 
CONTROL SYSTEM PROCESS/PLANT SIMULATOR 
HELP or ? for command listing 
 
 
 
 
Typing the HELP command or the ? followed by a <CR> will show the following 
screen. 
 
? 
PLANT SIMULATOR - Help 
 
>  Commands are single line. 
>  Commands may be issued upper/lower case. 
 
RUN Start the Simulation. 
STOP Stop the Simuation. 
ACQ Acquire N-Samples of INPUT/OUTPUT data from the simulation. 
         Stores data in file "data.txt" on the MBED flash. 
POST Sends the Acquired data out the serial port. 
SAVE Saves Parameters in file "PARM.txt" on the MBed flash. 
LOAD Loads the Parameters from file "PARM.txt" on the MBed flash. 
AOCAL Calibrate the Analog Output Amplifiers (both channels) 
AICAL Calibrate the Analog Input Channels ACH0 and ACH1. 
AORAMP  Generate (1Hz) sawtooth ramps out Aout-A(increasing slope) 

     and Aout-B (decreasing slope). 
TF Demonstrates the Transfer between Analog Input and Analog Output. 
HELP/? Send this help file out the serial port. 
SET Sets the Simulation Parameters. 
        Ts - Sample Rate (ms) 
        Kp - Plant Gain 
        Tp - Plant Time Constant (ms) 
        0p - Delay (ms) 
        N  - Acquisition Sample Size 
 
        Example: SET: Ts=100 
 
 
Each command will have a dialog screen. The following gives information on 
what each command means. 



COMMAND LIST 
 
 
RUN 
Typing RUN you will get the prompt: 
 
Simulation Has Started! 
 
This indicates that the simulation has STARTED. You may start an acquisition 
only after the simulation has begun. 
 
 
 
STOP 
Typing the STOP command, you will get the prompt: 
 
Simulation Has Stopped! 
 
This indicates that the simulation has STOPPED. You cannot acquire data when 
the simulation is not running. 
 
 
 
ACQ 
If you type ACQ when the simulation is not running, you will get the following 
messge: 
 
Cannot Acquire Data!!! 
Simulation did not start...Use RUN command to start simulation. 
 
If you started the simulation and then typed ACQ, the message will be: 
 
Collecting 1000 samples 
 
Indicating that 1000 samples will be acquired then save to the data file ‘data.txt’ 
on the local drive. The file may be posted to the serial port and collected using 
Hyperterminal. 
 
 
 
 
 
 
 
 
 



POST 
When you type the POST command, the system will dump the file named 
‘data.txt’ out the serial port. You can capture the text file using Hyperterminal. 
The prompt will be: 
 
Writing Data out Serial Port. 
0  0.000000  0.000000 
1  0.000000  0.000000 
2 .  . 
. .  .  
Lots of data in here 
. .  . 
. .  . 
1999  0.000000  0.000000 
Post Complete!!! 
 
 
 
 
SAVE 
After the command SAVE is typed, the system will save all parameters to the file 
‘parm.txt’ located on the local drive of the mbed board. The file is in flat ascii 
fomat. 
 
Saving parameters to the file parm.txt 
Parameters Saved!!! 
 
 
 
LOAD 
After typing the LOAD command, the system will attempt to load the ‘parm.txt’ file 
if it is present on the local drive. If the file is present, the prompt will be: 
 
Loading parameters from the file parm.txt 
Parameters Loaded!!! 
 
If the file doesn’t exist on the local drive, the prompt will be: 
 
Loading parameters from the file parm.txt 
File cannot be opened (may not exist)!!! 
 
 
 
 
 
 



HELP/? 
Typing either HELP or ? will yield the following results: 
 
PLANT SIMULATOR - Help 
 
>  Commands are single line. 
>  Commands may be issued upper/lower case. 
 
RUN   Start the Simulation. 
STOP  Stop the Simuation. 
ACQ  Acquire N-Samples of INPUT/OUTPUT data from the simulation. 
   Stores data in file "data.txt" on the MBED flash. 
POST  Sends the Acquired data out the serial port. 
SAVE  Saves Parameters in file "PARM.txt" on the MBed flash. 
LOAD  Loads the Parameters from file "PARM.txt" on the MBed flash. 
AOCAL  Calibrate the Analog Output Amplifiers (both channels) 
AICAL  Calibrate the Analog Input Channels ACH0 and ACH1. 
AORAMP Generate (1Hz) sawtooth ramps out Aout-A(increasing slope) 
   and Aout-B (decreasing slope). 
TF  Demonstrates the Transfer between Analog Input and Analog Output. 
HELP/?  Send this help file out the serial port. 
SET   Sets the Simulation Parameters. 
        Ts - Sample Rate (ms) 
        Kp - Plant Gain 
        Tp - Plant Time Constant (ms) 
        0p - Delay (ms) 
        N  - Acquisition Sample Size 
 
        Example: SET: Ts=100 
 
 
 
 
SET 
Typing the SET command will allow you to set the internal parameters. The 
parameters are: 
Ts  -  Sample time limit in ms. 
Kp  - Plant gain 
Tp  - Plant time constant in ms. 
Op - Plant Dead time in ms. 
N - Number of samples to take 
 
As and example typing the following will yield: 
 
set:ts=10 
Setting Parameters: Ts=10(ms) 
 
 
 
 



The last four commands are used to set the adjustments on the Plant/Process 
simulator board. The first two commands allow you to trim the Analog Output 
amplifier (op-amps), the Analog Input attenuation networks. The third command 
generates a ramp out both of the analog ports. While the last command transfers 
the voltage from channels Ain0 to Aout0 and Ain1 to Aout1. 
 
 
AOCAL 
Typing the AOCAL command yields: 
 
Calibrate DAC Outputs: 
Both DAC's are set to a 4095 count input. 
Trim output amplifier to desired maximum level (10V). 
DACOut0 = 4095    DACOut1= 4095 
 
 
AICAL 
Typing the AICAL yields the following prompt: 
 
AICAL 
Calibrate ADC Inputs ACH0 and ACH1: 
Set the input signal to 10V. 
Then adjust SPAN pots RP3 and RP4 to display 0xFFFF for each channel. 
Press <ENTER> key to end test. 
ACH0f = 0.000  ACH0i =    0       ACH1f = 0.000  ACH1i =    0 
 
 
AORAMP 
Typing the AORAMP command caused the system to generate analog ramps. 
This dialog is: 
 
Aoramp 
Generate 1Hz Ramp Signals out both Analog Ports. 
Aout-A (Positive Ramp) Aout-B (Negative Ramp). 
Press <ENTER> key to end test. 
DACOut0 = 3960    DACOut1= 1464 
 
 
TF 
Typing the TF command yields the following: 
 
TF 
Read Analog input channels ACH0 and ACH1. 
Transfer these values to Analog Output channels Aout-A and Aout-B. 
Press <ENTER> key to end test. 
ACH0i =    0   ACH1i =    0 



Test Results 
 
The next four graphs show the results of running the simulator and collecting 
data for the conditions that were discovered using the data acquisition process 
presented at the beginning of this paper. The curves below show the results of 
simulations for changing the speed of the motor 20%, 30%, 40% and 50%. They 
may have slightly different Kp values than the actual values. 
 
 

 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 



 
 
 

 



 
 


