
 

  

Abstract — Technical solution for control of Lego Mindstorms 
NXT motors using NXT Python library for correction of some 
NXT Python flaws found in previous versions is presented in this 
paper. Educational potential of technical solution that is also 
used in NXT Web Laboratory is demonstrated. Application of 
approach described in this paper offers many benefits such as 
financial savings and greater educational potential comparing to 
using of software tools like LabVIEW and Matlab.  
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I. INTRODUCTION 
LEGO Mindstorms NXT is a LEGO company system 

global product, which is present on the market for eight years, 
among other purposes found its place as a mean of education 
for all educational levels. It is available at a retail price of 290 
$ in the USA, and a little more expensive in Serbia. Although 
relatively cheap, the LEGO NXT is not a standard mean of 
education at domestic lower educational levels for two main 
reasons: 1) Financing of means for educational support is 
always an open question, and, 2) There is no domestic 
developed methodology for such educational support, nor for 
pupils, nor for teachers, comparing to some other countries 
like Slovenia for instance. On university level, owing to 
various EU donation and credit programs of help for Serbia in 
the first place, the material base of education and research was 
significantly improved in the last ten years, so that the transfer 
of educational practice from the world universities was partly 
enabled. [1-6].  

In [1] one aspect of LEGO Mindstorms NXT application at 
the University of Kragujevac is described, with possible 
similar applications for other institutions and levels of 
education. The base of typical Python software programs was 
developed for education of students, enabling relatively quick 
access for experimenting with LEGO platform, without 
requirements and support of commercial software tools. But 
using of NXT Python libraries [7] exhibits the unexpected 
flaw with control NXT LEGO DC motors: the motor static 
characteristics [8] becomes distorted with “dead zone” 
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occupying ±50% of the available range, and which is not 
present when using the other software tools like NXC, 
LabVIEW, Matlab/Simulink. The main contribution of this 
paper is removing of the mentioned flaw [7], and creation of 
web portal for complete support of student laboratory 
exercises with LEGO Mindstorms NXT, including detailed 
eLearning materials for application of NXT Python, template 
Python files as the base of laboratory exercises, on line access 
and control of laboratory equipment consisting of LEGO NXT 
components as in [9]. The purpose of such an approach is to 
leverage the availability of laboratory resources in education 
with teaching subjects having high number of attendants. 

Besides, the paper also discusses the mapping of teaching 
methodology at world famous engineering schools to our 
domestic conditions and nature of current subjects with 
already defined and accredited contents within our educational 
system. The illustrative scenario of theoretical concepts is 
based on basic LEGO Mindstorms NXT set with sensors and 
actuators (DC motors).  

II. LEGO MINDSTORMS NXT AND LEGO NXT MOTORS  
The basic LEGO Mindstorms NXT set consisting of 

programmable unit, two touch sensors, sensors for color / 
light intensity, ultra sound distance sensor, three DC motors 
with integrated encoder and redactor, is shown in Fig 1.  

 
 

 
 

Fig. 1.  LEGO Mindstorms NXT 854: programmable unit, three DC motors 
with integrated encoders, two touch sensors, color/light sensor, and ultrasonic 

distance sensor. 
 

Minicomputer or programmable unit (popularly called the 
“brick” [6]) consists of following significant components:  
1) The main processor with working frequency of 48 MHz, 32 
bit ARM microcontroller Atmel AT91SAM7S256, 256KB of 
flash memory of, 64KB of RAM memory and USB interface;  
2) The auxiliary processor with working frequency of 8 MHz, 
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8 - bit Atmel AVR processor ATmega48, 4KB of flash 
memory and 512B of RAM memory;  
3) 4 analog inputs for sensors;  
4) 3 PWM outputs for driving of LEGO DC motors with 
channel for reading of encoders integrated in housing of 
LEGO DC motors;  
5) Wireless Bluetooth CSR BlueCoreTM 4 v2.0 +EDR 
system, which support serial input, 47KB of RAM memory, 
8MB of flash memory, working frequency of 26MHz; 
6) USB 2.0 for data exchange with maximal speed of 12 
Mbit/s;  
7) LCD monochromatic display with resolution of 100x64 
pixels;  
8) 2-16KHz loudspeaker with 8-bit resolution;  
9) Power supply, consisting of 6 AA batteries (9V).  

Three output connectors for motor control designated as, A, 
B and C, while the input connectors for sensors are designated 
as 1, 2, 3 and 4. Output and input connectors are standard 6 
wire cables.  

The “brick” outputs can be connected with actuators (Fig 
2, [9]), with commercial name “LEGO Mindstorms NXT 
Interactive Servo Motor (9842)”. It is an integrated product 
consisting of DC motor, transmission and incremental 
encoder with resolution of 1 degree, which can be read out 
by “brick” through the output port which is connected to 
LEGO DC motor. DC motor characteristics are given in [9].  
 

 

 
 
 

 
Fig. 2. LEGO DC motor with integrated encoder and gearbox 

 

Nominal characteristics of LEGO DC motor are: 9V power 
supply, max rotational speed of 177 min-1, torque of 16.7 
Ncm, power of 2.03W, efficiency coefficient of 41%. Motors 
are driven by PWM signal, with desired direction and rotation 
speed in the range of -100 to 100, where sign defines direction 
and the absolute value is percent of the max motor power. 
Particular value of the motor power is kept in 8 bit register. 
Most significant bit stores sign information, while rest of the 
bits store information of the current motor power absolute 
value. If the motor power is greater than 127, the most 
significant bit becomes the logic 1, control unit interprets it as 
negative power and motor starts spinning in the opposite 
direction (robot starts moving backwards instead of forward. 
That should be taken care of in the program, when 
programming the robot movement by defining the numeric 

value.  
Described NXT set, provides for the robotic graphical 

programmable environment intended for users older than 10 
years of age. For educational purposes on the higher levels, it 
is advisable to use some other means of programming 
available from Matlab, LabVIEW, NXC and similar. 
According to methodological approach applied in [10], we 
selected Python, as the open source high-level object oriented 
language. The two approaches are possible with Python. 
Program code in Python can be translated to NXC code which 
is compiled and stored in robots memory using the Bluetooth 
or the USB cable. In that way, the robot is autonomous after 
storing the program in memory. The other approach is to have 
the Python program code executed on PC, and executional 
commands sent to robot using USB cable or the Bluetooth. In 
that way, the more powerful data processing resources of the 
PC and advantages of the true object oriented programming 
are available, with constraint of robot motion being limited 
either by the USB cable length or within the Bluetooth range. 
In contrast with Matlab / Simulink support which besides 
basic usage licenses also requires even more expensive real 
time modules, the usage of Python is free and more useful 
from the educational view point. For tasks where the high 
level of programming skills are not of essential importance, 
the teaching staff should provide skeletal code as in [10]. 
Starting from the skeletal code, students are able to more 
efficiently devote to the task of primary educational focus.  

III. EXPERIMENTAL SETUP AND OPTIONS FOR ON LINE 
EXPERIMENTING  

The experimental platform consists of PC computer with 
Python programming environment, LEGO microcomputer 
(programmable unit, or „brick“ popularly) and two LEGO 
motors.  

 
Fig. 3. Web page of the Web laboratory for remote control of Lego 

Mindstorms NXT DC motors (two motors are controllable) 
 
Experimental task requires from student to drive both 

Encoder  

Output shaft DCmotor  Gearbox  



 

LEGO DC motors with the same step function, record motor 
responses, perform identification of stationary states before 
and after input signal, perform parametric identification of 
dynamic model for transient process for both motors, and for 
adopted structure of the 1st order model (dynamic motor 
behavior) 
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One example of experimental result is given in Fig 4 with 
normalized angle velocity obtained as real angular velocity, 
subtracted with its stationary value of angular velocity just 
before the step input signal. In the particular case of results 
from Fig 4, the difference in responses for the same input is 
obvious for two nominally same LEGO DC motors. Such a 
possibility requires special discussion with students.  

 
Fig. 4. Normalized dynamic responses of the LEGO DC motors of PWM step 

input [%].)100(1060)( TkThkTu −+=  

The continuation of experimental task is similar to previous 
with the aim of determining and drawing of static 
characteristics and also determining of the nominal dynamic 
model of LEGO DC motor (one or more) which will be later 
used for design of servo controllers for position and velocity 
with LEGO DC motor acting as executive object. Responses 
for input upward and downward step function signals from the 
whole range of input signal values [-100%, 100%], and with 
step amplitude up to 5%, are recorded. In order to make the 
time duration of such an experiment shorter, it can be 
performed with more narrow input range  
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Fig. 5. Static characteristic of LEGO DC motor estimated from real data in 
range [55%, 70%] of the input signal 

From series of experiments model parameters are calculated 
according to (1) for the each of LEGO motors. For case 
illustrated in Fig 5, 8 experimental trials were made with 
parameter identification using method of least squares that 
yielded model parameters (1) of motors 1 and 2 within ranges 
K1=[6.9, 9.9], K2=[10.5, 14.7], Tm1=[0.023, 0.13], Tm2=[0.07, 
0.27], and average values K1=8.5, K2=11.7, Tm1=0.07, 
Tm2=0.15. From linearized static characteristics within the 
observed range, gains of K1=8.5, K2=12.14 are selected for 
nominal dynamic models of motors 1 and 2  

.
111.0

14.12
)(
)()(,

111.0
5.8

)(
)()( 2

2
1

1 +
==

+
==

ssU
ssG

ssU
ssG ωω       (2)             

Time constants Tm1 and Tm2 are selected from identified ranges 
so that they are equal to sampling period in this particular 
case.  

Experimental setup also enables the illustration of system 
frequency characteristics. For the identified dynamic model, 
the characteristic pass frequency is calculated and simulations 
as in Fig 6 are performed. Experimental verification of 
obtained simulation results is performed after that. The 
amplitude of the input signal should be adjusted to static 
characteristic (not to be out of linear region around work point 
selected for experiment). Input and output signals, phase 
frequency characteristics should be presented. Relationships 
between time and frequency domain together with frequency 
bandwidth, selectivity and experimental verification should be 
commented and explained.  

 
Fig. 6. Bandwidth of the LEGO DC motor. Below: time domain response to 
1⋅sin(ωt), where ω=ωo/4, ωo, 4⋅ωo. Above: Frequency domain response to the 

same input with ω=ωo/4, ωo, 4⋅ωo (ωo -bandwidth) 

The next experimental task is synthesis of PI controller for 
velocity servomechanism with identified LEGO DC motors, 
so that the system transfer function in closed loop is: 

.)1),max(2(1)( 21 +⋅⋅= sTTsG mmde  As the dynamical models 
(2) differ within the area around selected work point in our 
case, the corresponding PI controllers will differ as well   
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Response of both (servo) motors should be recorded for the 
same input step function of reference value in the vicinity of 

Estimated static
characteristic
ω1 = 8.5 ⋅u−112.94
ω2 =12.14 ⋅u−318.5

 



 

work point. In our case such an input for the system with 
closed loop can be:  

).100(50400)( −+= kThkTr   
Motors angle velocities and their difference that is a measure 
of synchronization error should be recorded. Repeat the 
experiment for the case when: 1) disturbance is introduced on 
one of the motors (manually applying force to slow or stop the 
motor shaft), 2) Controller is transformed to P 
controller 11 )( pc KsG = . Comment the error of stationary state, 
the quality of transient process and the error of 
synchronization for previously considered cases.  
The last experimental task is continuation of a previous in the 
sense of application of the structure with cross coupling of 
two motors as shown in Fig 7 in order to minimize the 
synchronization errors of motors for velocity (esω) and position 
(esθ). As in the previous case, both motors are driven by 

).100(50400)( −+= kThkTr  Constant Ks in Fig 7 has value 
of 0.5 (to be changed from 0 do 1). Angular velocities ω1 and 
ω2 and reference value r are to be recorded on the same 
diagram. Synchronization errors are also recorded for: 1) 
nominal case, 2) on transformation of PI controller of the first 
servo motor to P controller, 3) in the case of disturbance 
(stopping one motor shaft by hand and observing if the other 
motor will also stop).  
 

 
 

 
 
 
 
 
 

 
 
 
 

Fig. 7. Structure of system with cross-coupled servo motors SM1 and SM2 at 
set point (unom=60%). Mp1 and Mp2 are external disturbance moments on 

process variable.  

In this way, the robot being driven by two LEGO DC motors, 
which parameters can differ and change over time, and be 
subjected to various disturbances, can despite of all mentioned 
move in straight line at a given velocity (proportional to r).  

 
Fig. 8. Simulation of the system shown in Fig.7. Initial condition disturbance 
and disturbance Mp1=Mp2 = 5·h(t-7.5) are also shown. Parameters of M1 and 
M2 are different: K1=8.5, K2=12.4, Tm1=0.0292, Tm2= 0.2752. PI gains (3) are 
same, except second PI regulator (PI_2) is reduced to P regulator (Integral 
term is turned off), for the robustness demonstration.    

 Various other experimental tasks are possible, like 
synthesis of velocity or positional servomechanism.  

According to [10], the Python was chosen as free software 
that allows complete implementation of all previously 
mentioned experimental tasks. Besides being a free solution, it 
is also useful for engineering education. For quick and 
efficient introduction of students to Python programming 
language, a software tutor system was designed [13] with 
methodology and similar examples as in [10]. One of very 
important reasons for the choice of Python is a great number 
of existing modules with libraries of classes and functions for 
various applications that are free for use.  

Python can be used in various ways through the web, from 
the client browser. In Fig 9 the basic concept of the LEGO 
web laboratory used for robot remote access and control, is 
shown.  
  

 
Fig. 9. Basic concept of the LEGO Web Lab on University in Kragujevac 

 
Remote user, a student, at internet-enabled location, using 

any up to date web browser can access LEGO web lab server. 
User login at laboratory server is mandatory. Registered users 
may be allowed to use LEGO web lab system in accordance 
with laboratory rules. Python programs that control robots are 
executed on PC in the laboratory, which is connected to 
LEGO robots with USB cable or Bluetooth radio. Logged in 
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student can upload a file with Python program that controls 
LEGO robot and test his program in that way. Remote user 
session uses AJAX for sending data to uploaded Python 
program. The effect of uploaded Python program execution 
can be observed through data that Python program generates 
and which are returned by web server. Web or IP cam enables 
additional visual monitoring of remotely controlled robot in 
the lab. Besides sending numerical data from web server as 
program results or robot visual monitoring, using only 
standard web client software technologies like HTML5, CSS 
and JavaScript it is possible with adequate animations, to 
represent effects of remote robot control, without 
requirements for browser plugins. Basic concept in Fig 9 is 
independent of computer operating system and hardware 
platform. Any web server can be used (Microsoft IIS, Apache, 
NodeJS Express…) on a classical PC, but it can be also quite 
modest configuration such as Raspberry Pi and LightTPD web 
server. 

IV. NEW VERSION OF NXT PYTHON AND SKELETAL CODES 
 
For LEGO Mindstorms NXT, NXT-Python package [7] 

was developed, which is a driver and program interface for 
robot programing. Also, some additional modules are required 
for robot control over USB port and Bluetooth radio from 
Python program. The Python itself can be used on various 
hardware–software platforms, which significantly expand 
potential for implementation of educational projects based on 
LEGO robots and Python. NXT-Python was successfully 
tested with various versions of Windows operating system – 
XP, 7, 8, 8.1, as well as Linux. But, using of available NXT 
Python libraries [7], NXT motor control results in responses 
as in Fig 10, which show the presence of “dead zone”, that 
would not be present if the same experiment is performed 
using Matlab/Simulink or the NXC.  

 
Fig. 10. Response of the NXT motors to multiple step input using available 

NXT Python library 
 

Existing version of the NXT Python only approximately 
generates the PWM signal for driving the motor, as shown in 
Fig 11. There is no required amplitude of the PWM signal, 

nor its expected shape, and the right part of the PWM signal 
does not exist.  

 
Fig. 11. PWM signal with 50% duty cycle obtained from existing NXT 

Python library  
 
The problem was solved by integration of already existing 
program MotorControl [14, 2] with NXT Python [7]. 
MotorControl [14] is program written in NXC language (Not 
Exactly C). Its main purpose is to be the interface between 
LEGO robot and program package Matlab/Simulink. In the 
current version of NXT Python 2.2 [7] there is an interface 
between Python and program MotorControl, but it is poorly 
documented and complicated for use. Therefore, the wrapper 
for connection of MotorControl program and NXT Python 
library was designed and implemented. Description and 
installation details can be found at web page of University in 
Kragujevac [16]. Program MotorControl must be written to 
inner LEGO robot memory. Web page [16] contains program 
MotorControl, installation of the new NXT Python version, 
and skeleton files for typical laboratory exercises on 
experimental setup in Fig 3.  

 
Fig. 12. Response of the NXT motors to multiple step input using new 

version of the NXT Python library 
 



 

 
Fig. 13. PWM signal with 50% duty cycle obtained from new version of NXT 

Python library 
 

For better availability and more efficient use of LEGO 
NXT resources, web page [16] was extended with 
functionalities of NXT Python WEB Laboratory, as shown in 
Fig 3. For a given configuration experimental setup, students 
can upload their Python code and start experiment execution. 
Students can develop Python code from scratch or can use and 
adapt existing skeleton model code.  

V. CONCLUSION 
This paper describes one aspect of application of LEGO 

Mindstorms NXT at University of Kragujevac. The new 
solution of NXT Python library was presented. It is freely 
available for all interested in parties together with developed 
software base of typical Python programs that help students 
with quick start of experimenting with LEGO platform 
without requirement of commercial software tools. WEB 
development environment was created for: 1) availability of 
information for software installation and performing of hands 
on experiments, 2) remote experimenting through the web 
which allows Python program file upload, execution in 
experimental environment and recording of execution results 
on real experimental setup.  

This paper also contributes to mapping of educational 
methodology of world famous engineering schools to our 
local institutions.  
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