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Fig. 2. State-plane Trajectory-Mode1 
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Fig. 3. State-plane Trajectory-Mode2 

The parameter R characterises the converter resonant tank 
“momentary” energy. Therefore, it can be used as a parameter 
for control of the energy transfer between the power supply, 
the oscillating circuit and the load in a way similar to the one 
used in [2]. Such direct control of the resonant tank energy 
leads to reduction of the transient processes time and fast 
settling of the inductor current and the switching capacitor 
voltage at optimal trajectory. 

The aim of the optimal trajectory control is to determine the 
moments of switching of Q2 and Q4 which accelerate the 
settling of the capacitor voltage and the inductor current at 
optimal trajectory for the given operating mode. In this way, 
the duration of the transient processes is minimized and steady 
state is achieved for short period of time. For this purpose, 

when the converter operates in the interval Q1-Q4 (Q2-Q3), 
the distance D measured from the center (-U'0, 0) or (+U'0, 0) 
to the trajectory is constantly observed, and when it equals the 
parameter R desired value, switches Q2(Q4) commutate. 
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Fig. 4. Transition from a small to a large value of the parameter R 
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Fig. 5. Transition from a large to a small value of the parameter R 

In the conduction interval of Q1-Q4, the distance D is 
determined by: 

 � � � �22
0 LC IUUD �c���c���c�  (1) 

In the conduction interval of Q2-Q3, the expression for D 
is: 

 � � � �22
0 LC IUUD �c���c���c�  (2) 
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Fig. 6. Converter control system 

In this way, the switching of Q2 and Q4 can be determined 
by: 

   22
0 LC IUUR   (3) 

The plus sign (+) corresponds to the first half period when 
I'L>0, and the minus sign (-) – to the second half period at 
I'L<0. 

The transient processes at intermittent increase or decrease 
of the parameter R are shown in Fig. 4 and Fig. 5, 
respectively. The figures also present the power switches 
commutation sequence at optimal trajectory control. It can be 
observed that in both of the cases the transient processes 
duration is less than a period. 

The commutation of the switches Q2 and Q4, as it has been 
described, happens at D=R. During the transition from a small 
to a large value of the parameter R, D<R. Then, Q2 and Q4 
switch together with Q1 and Q3 ( 02  ) to D=R (Fig. 4). In 

this way, the resonant circuit energy has the fastest increase. 
During the transition from a large to a small value of the 

parameter R, D>R and Q2 and Q4 switch immediately. The 
interval Q1-Q4 (Q2-Q3) is shortened or completely 
disappears, and intervals Q1-D2 (Q3-D4) and D2-D3 (D1-D4) 
are extended to D=R (Fig. 5). Thus, the resonant circuit 
energy has the fastest decrease. 

III. CONTROL SYSTEM 

CS of the converter is realized on the principle of 
theAnalog Behavioral Modeling set in the PSPICE A/D 
simulator [5]. This approach allows versatile description of 
the electronic components on the base of transfer function or 

tabular assignments. In other words, instead of real 
components for modelling of circuit parts, their mathematical 
description is applied. With this, a combination of significant 
calculation efficiency and adequate component modelling is 
achieved. 

The converter circuit, as well as, its control system are 
presented in Fig.6. MOSFET transistors are used as switching 
elements. 

The distance D from the point that characterizes the 
resonant circuit state to the commutation center in relative 
units has the following form: 

   22
0sgn LLC IUIUD   (4) 

The distance D is calculated by BLOCK1 as follows: the 
information for the resonant tank current is obtained via a 
current controlled subordinate voltage source Н1. The signals 
for the output voltage and the switching capacitor voltage are 
sent to voltage controlled subordinate voltage sources 
EVALUE (Е2 and Е3). The current sign (sgnI'L) is obtained 
via voltage controlled subordinate voltage sources EVALUE 
Е1 which realizes the following function: 

 SGN(V(%IN+, %IN-)) (5) 

The obtained value for D (the BLOCK1 output) is sent to 
BLOCK2 for comparison with the reference Ur. The pulses 
formed by the comparator S1 and the logic element U1 are 
submitted to the latch U2. It forms two channels of pulses 
phase shifted at 180° for control of the switches Q2 and Q4. 

The forced increase of the resonant circuit energy at 02   

(Fig.4) is realized by BLOCK3 which contains the voltage 
controlled subordinate voltage sources EVALUE (Е4 and Е5), 
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monostable multivibrators 74121 (U6 and U7), as well as, 
logic elements U3, U4 and U5. 

BLOCK4 contains pulse voltage sources V3 and V4 for 
constant frequency control of Q1 and Q3, as well as, 
controlled voltage sources Е6 and Е7 which provide the 
necessary power, magnitude and galvanic isolation of the 
control signals for Q2 and Q4. 

The operation of the resonant converter CS is illustrated by 
the waveforms in Fig. 7. 
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Fig. 7. Control system main waveforms. 

 
Figs. 8, 9 and 10 presents results from the computer 

simulations with OrCAD PSpice, as the converter response is 
examined at significant variation of the control signal. Fig. 8 
presents the converter start-up at R = 3.0, Fig. 9 and Fig. 10 
illustrate the converter operation at intermittent alteration of 
the control system input signal - from R = 1.2 to R= 3.0 and 
respectively from R = 3.0 to R= 1.2. 
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Fig. 8. Converter start-up R = 3.0 
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Fig. 9. Response of optimal trajectory control for 

Control increase R = 1.2 → R= 3.0 
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Fig. 10. Response of optimal trajectory control for 

Control decrease R = 3.0 → R= 1.2 

 
At start-up (Fig. 8), the initially gained resonant circuit 

energy is zero, and at R = 1.2 (Fig. 9) its value is very small. 
During the transition to R = 3.0, only the energy accumulation 
stage exists, whereat the two power switch commutate without 
phase shift between them. 

In the other case (Fig. 10), beginning at the steady state at 
R = 3.0, the value of the accumulated resonant tank energy is 
too large. This forces one of the power switch couples to 
switch off, ceasing in this way the energy accumulation in the 
resonant circuit. 

In all the three cases, the system reaches the steady 
trajectory for the minimum possible time, which is restricted 
only by the resonant converter features. From the figures, the 
stable converter operation with optimal trajectory control can 
be observed. 

IV. CONCLUSION 

A control method for series-resonant DC-DC converter 
operating at constant frequency above the resonant is 
considered. Computer models of the converter and the optimal 
trajectory control system realized in the environment of 
OrCAD PSpice are presented. 

The simulation results show a very good dynamic response 
and steady converter operation. 

The obtained results can be used for design and practical 
realization of resonant DC-DC converters using the 
considered optimal trajectory control. 
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An Overview of Power Supplies with Constant Output 
Power and their Common Design Method 

Nikolay Madzharov 

Abstract – This paper gives an overview of high frequency 
power supply with constant output power, so called converters 
with energy dosing (CED). A characteristic feature of the CED is 
the fact that, by their operation principle, they provide energy 
dosing in the load.The output voltage obtained on that basis 
corresponds to the particular load parameters, the power always 
being equal to the specified value.Some converters are presented 
together with their modifications.The new advancements of CED 
and their design are also discussed in this paper.For most of the 
ideas, schemes, design and mathematical interpretation of 
electromagnetic processes there are author claims. 

 
Keywords – Energy dosing, Converter, Harmonic analysis, 

Load matching, Self-harmonization.  

I.  INTRODUCTION 

Although modern power supply sources constitute a greatly 
electronized and highly intelligent system, they still contain 
complex controllable power elements, such as transformers, 
autotransformers, capacitor banks, chokes [1-6]. Along with 
their undoubted advantages, they have certain disadvantages 
relating to the methods, the hardware and the quality of their 
matching with the variable load. The same is true about the 
regulation and the assigning of a specific value for their 
output power.  

CED are sources of a new type [7-9] and they successfully 
solve some of the problems in this area. What distinguishes 
them from the sources we have been familiar with so far is the 
fact that their output power is assigned in a definite way, and 
in the process of operation it does not depend on the load 
parameters, remaining equal to the assigned value. 

Fig. 1 presents the schematic diagram of the CED. It is 
shown schematically that between the source of DC voltage 
(the rectifier) and the HF converter another block is 
connected - a doser. By means of this block the energy is 
transmitted to the load in definite portions (doses).  

 
Fig. 1. The schematic diagram of CED 

 
 
 
 

The doser consists of a reactive element, normally a 
capacitor (an inductor is also possible) and a diode connected 
in anti-parallel to it. The capacitor charged up to voltage +E 
of the supply source is either discharged completely or 
recharged up to voltage - E in the course of one half-period, 
its energy being transformed into the converter and 
transmitted to the load.  

The dose of energy W and the power Pare equal, 
respectively 

ܹ ൌ  ௗ                (1)ܥଶܧ݇

ܲ ൌ ௗ݂ܥଶܧ݇ ൌ ௅ܷ
ଶ/ܼ௅ ൌ   (2)           ,ݐݏ݊݋ܿ

where Cd is the capacitance of the dosing capacitor; f - 
converter switching frequency; k - a coefficient dependent on 
the circuit of the doser and the converter; UL - effective value 
of the output voltage, ZL - load resistance. According to (2) 
when the values of E, Cd and f do not vary, the power Phas a 
constant value independent of the load parameters and its 
changes. In practice, this means that the output voltage of the 
CED (voltage UL) changes in strict accordance with the 
concrete load parameters, i.e. self-harmonization with the 
specific load is performed, naturally, without the influence of 
the control system.  

A large proportion of the ideas in this field have been 
thoroughly investigated both theoretically and experimentally, 
and are being used in real practice [10-12].The main purpose 
of the present paper is in this direction - overview of circuits 
of CED and the investigations performed on them and 
common method for their analysis and design. 

 
II.  AN OVERVIEW OF CONVERTERS 

WITH ENERGY DOSING 
 

A great number of circuits of CED are known [1-3], [8], 
[12]. Their distinctive feature is the presence of a dosing 
capacitor included in series in the load loop through the 
interval of energy consuming by the main. All of them 
provide dosing of the energy supplied to the load, reliable 
work of loads changing from idle running to short circuit and 
high commutation stability in the dynamic operating mode.  

In Fig. 2 are shown the basic circuit and their time 
intervals, illustrating the principle of energy dosing.It can be 
seen that the dosing capacitor voltage is fixed always to the 
value of the supplying DC voltage. Consequently, at constant 
work frequency the power given in the load will always be 
one and the same. For the circuits with combined recharge of 
the dosing capacitor, in the expression for the power takes 
part the coefficient k which is less than 1 and depend on the 
load parameters. 

Nikolay Madzharov  is with the Faculty of EEE at Technical 
University of Gabrovo H. Dimitar str. 4, 5300 Gabrovo, Bulgaria, 
E-mail: madjarov@tugab.bg 
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(a) CED with capacitor recharging by load current -time intervals 
and power:0t1- VT1; t1t2- VT2t2  - VD1 ; P=E2Cdf. 

 

(b) CED with combined recharge of the dosing capacitor - time 
intervals and power: 0t1-VT1, VT6; t1t2- VT1, VT4, VT6; t2t3 - 
VD1, VD2; t3t4- VT3, VT5; t4t5 - VT2, VT3, VT5; t5 - VD1, VD2; 
P=kE2Cdf 

 

(c) CED combining energy converting and dosing - time intervals 
and power: 0t1- VT1, VT6, VD1; t1t2- VT1, VT3; t2t3  - VD1, VD2 
; t3t4  - VT4, VT5, VD2; t4t5 - VT2, VT4 ; t5 - VD1, VD2; 
P=kE2Cdf 

 

(d)  CED with capacitor recharging by equivalent load of current fed 
invertor - time intervals and power:0t1- VT1, VT3, VT5, VT7; t1-

VD1, VT1, VT3; P=4E2CDf 

 

(e) half-bridge CED - time intervals and power: 0t1 - VT1; 
 t1 - VT1, VD3; P=E2CKf 

 

 

f) full-bridge CED - time intervals and power:0t1-VT1, VT3 , VD8; 
t1  - VT3, VD6; P=4E2CKf 

Fig. 2. Typical schematics of CED 
 

The comparative analysis of the presented circuits and 
results from the examinations in previous works [2-5], [11] 
gives the main feature of CED: 
 at the lack of requirements to the load current pulsations 

it is expedient to be used the circuit from Fig. 2a; 
 at the necessity of supporting small output current 

pulsations, at a wide regulation range are used the circuit 
from Fig. 2b. Theoretically, it do not have limits in the 
regulation characteristics; 

 for CED from Fig. 2b and Fig. 2c it is important to note 
that to keep the small output current pulsations at a range 
of regulation k >3 it is necessary to install inductance L 
with high value; 

 the output power of current fed inverter canbeadjusted 
very accurately within a wide range by CED working 
frequency  - Fig. 2d; 

 by changing the working frequency of CED from Fig. 2e 
and Fig. 2f  the output voltage can be supported constantly 
when the load value and/or the input voltage are changed. 
 

III. STUDY METHOD 
 
A unified approach and methodology have been suggested 

for the analysis and design of CED. The basis of the 
generalization suggested is the harmonic analysis, the general 
parameters of fluctuation circuits comprising resonant 
converter and as well as the information that is contained in 
the time-chart of their alternating current [2]. With minor 
modifications, the method is applicable to any CED circuits. 

From a great variety of presented circuits and ways of 
operationa half-bridge CED (HBCED) with forced turn-off of 
the transistors before half-period has been chosen (Fig. 2e) for 
analysis. According to the power levels and the load 
additional serial and/or parallel capacitors can be included in 
the load circuit. Current and voltage waveforms are shown in 
Fig. 3. Because of earlier transistors turn-off before half-
period end alternating current pulse “shrinking” is obtained. 
In moments π, 2π,…, nπ it is equal to zero and its fall sector 
with the biggest damping is cut. This pulse is closer to 
sinusoidal wave shape than with other resonant converters. 
Therefore HBCED research and design procedure based on 
the harmonic analysis are used and AC voltage being 
accepted to a clear sinusoid. 
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The transistor current pulse has natural frequencyn (see 
curve 1 on fig.3) 

߱௡ூ ൌ ߨ2 ௡݂
ூ ൌ /ߨ2 ௡ܶ

ூ ൏ ߱௖(3) 

where ωC is control frequency. 
Relation ߱௡ூ /߱௖is equal to 

߱௡ூ /߱௖ ൌ ߨሺ/ߨ ൅ ଴ݐ
ூሻ ൏ 1(4) 

Proceeding from the obligatory ratio in resonant converters 
[2], [4] 

ߜ݃ݐ ൐ ሺ߱௡ /߱௖ሻ; ߜ݃ݐ ൌ ሺ1,2 ൊ 1,5ሻሺ߱௡ /߱௖ሻ(5) 

and assigning 
଴ݐ
ூ 	ൌ 	 ሺ0,5 ൊ 0,8ሻ.  (6)݋ݐ

(to is input datum) angle δ can be determined.  δ is the phase 
angle at the resonant converter AC circuit after the inductor 
Lk.  

 
Fig. 3. Time-charts of HBCED – uCVT1-2 - control pulses; 

iab- alternating current; iVT1, iVD2 - current through transistor VT1 and 
diode VD2; uC, uCK - voltage over capacitors C and CK 

 
After that, the phase φ1 of the alternating current first 

harmonic and the amplitude of the voltage across the load 

circuit Ucm= Ugm are respectively calculate 

tg߮ଵ 	ൌ 	0,406tgδ	–	ሺ0,165tgଶδ	– 	0,188ሻሺଵ/ଶሻ(7) 

௖ܷ௠ ൌ ௚ܷ௠ ൌ 	π. E/ሾ2. cosሺδ	–߮ଵሻሿ	(8) 

It is easy to determine all converter quantities and 
elements:  

- staggeringߦ଴ ൌ 1/ൣ߱ሺܥܮሻሺଵ/ଶሻ൧ of the load circuit 

଴ߦ
ଶ ൌ ሺ߮݃ݐ ൅ ߮݃ݐሻ/ሺ߮݃ݐܿ ൅ ߮݃ݐሻ   ,  ሺߜ݃ݐ ൌ

ఠಽ
ோ
ሻ;      (9) 

- capacitor C value 

ܥ ൌ 1/ሺ߱ଶ. ଴ߦ
ଶ.  ሻ; (10)ܮ

- active Re and reactive Xe equivalent resistances of 
the load circuit 

ܴ݁ ൌ ሺ1/߱ܥሻ. ሼߦ଴
ଶ. ሾሺ1/߮݃ݐܿ െ ଴ߦ

ଶሻଶ ൅  ଶ߮ሿሽ;    (11)݃ݐܿ

ܺ݁ ൌ ܴ݁.  (12) ;ߜ݃ݐ

- chokeLk using the frequency ωn 

߱௡ ൌ ሾ1/ሺܮ௄ܥ௘ሻ െ ܴ௘ଶ/ሺ4. ௄ܮ
ଶ ሻሿሺଵ/ଶሻ; (13) 

- the moments: d- at which the energy consumption 
from the power supply stops, m - at which the 
alternating current has maximum value: 

஽ߴ ൌ ሺ߱௡/߱௖ሻ/ߨ െ ሺܽ2ܳ߱݃ݐܿݎ௡/߱௖ሻ/ሺ߱௡/߱௖ሻ  , (14) 

௠ߴ ൌ ሺܽ2ܳ߱݃ݐܿݎ௡/߱௖ሻ/ሺ߱௡/߱௖ሻ                    (15) 

- dosing capacitor: 

௞ܥ ൌ ܲ/ሺܧଶ. ݂ሻ                                       (16) 

The converter current equation is formed: 

݅ሺߠሻ ൌ
ாఏ

ఠ௅ೖ
െ

௎೒೘ሾୡ୭ୱሺఋିఝభሻିୡ୭ୱሺఋିఝభିఏሻሿ

ఠ௅ೖ
 (17) 

The average and maximum values of the currents across 
the transistors and the reverse diodes are equal to: 

௠௏ܫ భ்,మ ൌ
ܧ

ఠ೙
ఠ೎
߱௖ܮ௞

݁ି
ഛ೘
మೂ ݊݅ݏ

߱௠
߱௖

 ௠ߴ

଴௏ܫ భ்,మ ൌ
ா௙஼ೖ
ଶ

ൌ
ூబ
ଶ

, 

௠௏஽య,రܫ ൌ ݅ሺߴௗሻ ൌ
ா

ഘ೙
ഘ೎

ఠ೎௅ೖ
݁ି

ഛ೏
మೂ݊݅ݏ

ఠ೙
ఠ೎
 ,ௗߴ

଴௏஽య,రܫ ൌ ௞݁ܥ݂ܧ
ି
ഏషഛ೏
మೂ , 

 

଴ܫ ൌ
ଵ

గ
׬ ݅ሺߴௗሻ݀ߴ
గିణ೏
଴ ൌ  ௞             (18)ܥ݂ܧ

The approach suggested and the methodology for a unified 
analysis and design has been carried out for all CED and has 
been confirmed by computer and real experiments. 

 
IV.COMPUTER AIDED AND EXPERIMENTAL STUDY 
 

CED have been studied well both theoretically and in 
practice.In order to prove the properties and the 
characteristics of the presented circuits, experimental study 
has been carried outwith the following input data: P=5 kW; 
f=30 kHz; E=300 V. Table I presents the results of the 
investigations, with a change of the load parameters by 25% 
of the following circuits: 

-CED from Fig. 2b - RL=0,15; Lk=1,06H; Cd=2F; 
-CED from Fig. 2c  - RL=0,15; Lk=1,06H; Cd=0,5F. 
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TABLE I 
TEST RESULTS OF THE CED FORM Fig.2b AND Fig. 2c 

 

Electrical parameters and elements values 

CED type RLnom(-25%) RLnom. RLnom(+25%) 

CED with 
combined 

recharge of the 
dosing 

capacitor 

URL m =  80V 

Iin= 10,4A 

IVTm =  302A 

IVT = 10,4A 
P = 5,2kW 

URL m =  95V 

Iin= 10A 

IVTm =  242A 

IVT = 10A 
P = 5kW 

URL m =  84V 

Iin= 10,6A 

ImVT = 245,9A

IVT = 10,6A 
P = 5,3kW 

CED 
combining 

energy 
converting and 

dosing 

URL m = 239V 

Iin=  10,7A 

IVTm = 350A 

IVT = 10,7A 
P = 5,35kW 

URL m = 93,8V 

Iin= 10,1A 

IVTm = 290,2A 

IVT = 10,1A 
P = 5 kW 

URL m = 258,55V 

Iin= 10,8A 

Im VT= 255,3A 

IVT = 10,8A 
P =5,4kW 

 
The design of the half bridge CED converter (Fig. 2e) is 

based on the expressions, obtained in paragraph III. The 
purpose is to be defined the values of all elements and phase 
correlations providing not only efficiency, but also 
guaranteeing the output parameters and characteristics. The 
obtained values of the elements and the quantities from the 
computer simulation calculations and from the practical 
experiment are presented in Fig. 4 and Table II. There is a 
good coincidence among the results on the three directions 
from the transformer examination. 
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Fig. 4. Test results of half-bridge CED at P=5 kW and f=30 kHz – 
input current, AC current and load and dosing capacitor voltages 

 
TABLE II 

DESIGNING, COMPUTER EXPERIMENT AND 
PRACTICAL EXAMINATION RESULTS 

 

P=5kW ; f=30kHz; E=300V; R=4,3 ; 
LK=15 H ; Cd =0,462F 

 

quantity  
UOUT 

V 
IIN 
A 

IVT m 
A 

IVT 
A 

IVD 

A 
POUT 

kW 

calculated  148 16,2 82,9 18,3 2,08 5,09 
computer 

experiment  151,5 16,2 81,1 18,2 2 5,33 

practical 
experiment  152 17 86,2 19,2 2,3 5,37 

 

From the information in Table II it can be drawn the 
conclusion that the output power is in correspondence with 
expression (2), i.e. there are dosing qualities. This is 
determined by the average value of the consumed current Iin 

and by the voltage on the load Uout. Obtaining the given 
power can be proven with a third result, as well. The 
difference between the capacitor and the diode current is 
equal to the input current and energetically it satisfies the 
processes of energy consuming in the interval 0d and the 
short circuit of the alternating converter circuit of the interval 
d  (see Fig. 3). 

V. CONCLUSION 

This paper described an overview, design and experimental 
studyofpower supplies with constant output power, so called 
CED. A 5 kW converter was designed and implemented to 
verify the validity of the developed common analysis.The 
basis of the generalization suggested is the harmonic analysis 
and the information that is contained in the time-chart of the 
alternating current. The obtained expressions giving the law 
for operating mode with a purpose to keep the output power 
constant when the load parameters are changed.It can be 
concluded that the developed CED may contribute to higher 
system efficiency and good matching characteristics. 
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A Short Survey on Wireless Interfaces in  
Embedded Systems 

Valentina Rankovska1 and Stanimir Rankovski 2 

Abstract – A short survey on the main features and parameters 
of wireless interfaces is presented in the present paper in relation 
to their application in the modern embedded systems. They are 
more and more widely used to connect the increasing number of 
“intelligent”, programmable peripherals - sensors, actuators, 
etc., allowing not only reducing the number of the wires, but also 
distance monitoring and control of the object. 
 

Keywords – Wireless Interfaces, Еmbedded Systems. 

I. INTRODUCTION 

The embedded microprocessor systems are widely spread 
long ago almost in all the areas of our life - industry, home, 
office, automobiles, public activities, etc. This leads to 
continuous and rapid improvement of their features, such as 
reliability, flexibility, security, adaptability, cost, dimensions, 
etc. 

Along with the control devices - microcontrollers, having a 
wide variety of building blocks and improved features, the 
peripherals (sensors, actuators, etc.) quickly evolve too, 
becoming more "intelligent". This coupled with the fact that 
embedded systems are sometimes used in extreme ambient 
conditions - electromagnetic interference, temperature 
variations, humidity, dust, vibration, etc., leads to the need of 
improving the means of communication: between the man and 
the embedded system; between the components of the 
embedded system (Fig. 1); in a network of embedded systems. 
As an example we could take the development of user 
interface in embedded systems over the years - beginning with  
buttons, keyboard, seven-segment indication, LCD, to the 
possible and comfortable use of modern touchscreen devices, 
such as widely spread personal mobile devices - smartphones, 
tablets, etc.  

The increasing number of programmable devices in 
embedded systems supposes rapid development of wireless 
interfaces in order to avoid cable connections. There is a large 
variety of them depending on the embedded systems 
application areas [1], [2]. Presently they are mostly used at 
smart home applications, access control, smart sensor 
networks, remote industrial monitoring and control, etc. in the 
Machine-to-Machine and Man-Machine interaction, and 
sensor connections. 

The present paper examines some of the most common 
modern wireless interfaces in the areas of home automation 
and Internet-of-Things (IoT) in relation to study cases in 
Microprocessor Circuits and Embedded Systems for the 
Bachelor degree students in Electronics at the Technical 
University of Gabrovo. 

 

 
Fig. 1. Hypothetic block diagram of an embedded system 

II. A SHORT SURVEY ON WIRELESS INTERFACES 

FOR EMBEDDED SYSTEMS APPLICATIONS  

Infrared Data Association (IrDA) 
IrDA is an optical open channel interface, allowing peer-to-

peer communication in short distances. The baud rate is 2,4 
kbps - 1 Gbps in 1 m distance according to several 
specifications defining six ranges with different data coding 
and application areas [3]. The light emitter and detector angles 
are respectively 15◦- 30◦ and up to 15◦. Therefore, the two 
communicating devices must be pointing at each other. The 
consumed power is very low.  

This is a low cost technology, comparatively regulation free 
and there is no interference with the RF technologies. The 
optical channel is a drawback, as it needs the devices to be in 
a line of sight, but it is also an advantage as it provides a 
comparatively good data transfer safety. 

IrDA evolves as a perspective optical wireless 
communication technology providing data rates 5 and 10 
Gigabits per second, at 3 m distance and larger angles. 

The IrDA interface is applicable in small autonomous 
embedded systems, mobile control devices (smartphones, 
tablets, etc.), medical and industrial equipment, etc. because 
of the short distance communication. 

Many microcontrollers provide built-in IrDA standard 
support through their UART modules and an additional IR 
Encoder/Decoder and IR Transceiver - for instance some 
Microchip’s 16-bit and 32-bit microcontrollers [4]. 
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Bluetooth  
Bluetooth (IEEE Standard 802.15.1) is initially intended 

especially to replace the wire cables in computer periphery but 
nowadays it is also one of the technologies used for wireless 
connectivity in embedded systems. It uses unlicensed 
industry, scientific, and medical (ISM) 2.4 GHz radio band 
[5]. 

Every Bluetooth has its own address with which the others 
could identify it. The devices make the connection 
automatically without any actions of the user. 

All the devices in such a Bluetooth system form a so called 
piconet. A master device in a piconet communicates with not 
more than seven slave devices, and the slave can 
communicate with the others only through the master. A 
device could be a member of four piconets at the same time, 
but only one of them is master. The master acts as a bridge 
between the piconets. After initiating data transfer, the 
members of the piconet synchronize their frequencies in a way 
that they would be in a contact with each other.   

The advantages of the Bluetooth technology are small 
equipment size, easy usage, data safety, good support and 
development of the standard. Some drawbacks are 
comparatively high power consumption and impossibility to 
arrange complex network configurations. 

ZigBee  
ZigBee (IEEE Standard 802.15.4) is intended for shorter 

distance range, lower cost, lower power consumption, lower 
data transfer rates, more compact, and simpler variant of 
wireless personal area networks (WPANs) in comparison to 
Bluetooth. It uses the same frequency range of 2,4 GHz [6]. 

ZigBee realizes various network topologies - star, tree and 
mesh. 

The devices (nodes) in the ZigBee network can be: 
 ZigBee Coordinator, (one in a piconet) which can 

communicate with other networks and to save data 
about its own; 

 ZigBee Router, which can pass data on from other 
devices and serves as an intermediate router; 

 ZigBee End Device – the simplest kind of device, 
which can communicate only with the above two. 

The minimal power consumption is a result of the fact that 
the slaves are in sleep mode most of the time. They activate 
for short time intervals only to confirm their presence in the 
network.  

There are four main application areas for ZigBee 
technology: smart homes, connected lighting, utility industry, 
zigbee smart energy. The last one is a standard for 
interoperable products that monitor, control, inform, and 
automate the delivery and use of energy and water. 

Radio-Frequency Identification (RFID) 
RFID uses electromagnetic fields to automatically identify 

and track tags attached to objects. 
The typical components of a RFID system are a tag, a 

reader and an antenna. Various types of tags and readers are 
used. They can work in several frequency ranges, providing 
data exchange in different distances: low frequencies (LF) - 
125 kHz - 134 kHz, in a distance up to 10 cm; high 
frequencies (HF) - 13,56 MHz in a distance up to 30 cm; 

ultra-high  frequencies (UHF) 433 MHz and 856 MHz - 960 
MHz in a distance up to 100 m; 2450-5800 MHz (microwave) 
- 1 - 2 m and 3.1–10 GHz ultra-wideband (UWB) - 200 m. 

The various frequency ranges of RFID are specified in the 
ISO/IEC 18000 standard, except the last, which is not 
standardized. ISO/IEC 14443 and ISO/IEC 15693 define 
smart card and proximity card interfaces operating in the HF 
range [7]. 

The tags are three types: passive, semi-passive and active. 
Passive tags have no their own power supply. They are 
supplied by the electromagnetic energy received from the 
reader. That is why the distance allowed is shorter than at the 
the active - typically to 10 m. Active tags (with own power 
supply - battery) transmit signal to send information stored in 
the chip at distances up to 100 m. Typically, active tags are 
used to identify large objects, wagons, containers, etc., which 
should be monitored over long distances, electronic labels in 
warehousing, etc. [8]. 

Active tags themselves are of two types: transponders, 
which are awakened by the reader, switch on their power and 
response, and beacons, which periodically wake, switch on 
and transmit a signal to the reader. 

The semi-passive tags use own power source only to switch 
on the tag. Unlike active transponders, they have a transmitter. 
They are used for larger distances and transmit in the 
frequency range of 850 to 950 MHz. 

The common application of RFID technology in the field of 
embedded systems is in the first two frequency ranges - such 
as access control, pet identification, tracking of goods, etc. 
Various forms of tags exist: bracelets, badges, stickers, labels, 
chips, cards, pins tags for clothing, ampoules for pets 
chipping, etc.  

Although RF technologies in their origin are not 
appropriate for Internet access, their further development 
makes it possible [9]. 

The technology is comparatively easy to implement using 
microcontrollers with RF transmitters, like Microchip’s 
PIC12/16. 

Near Field Communication (NFC) 
NFC (ISO/IEC 14443 and ISO/IEC 18000-3) is a modern 

variety of RFID in the 13,56 MHz frequency range, allowing 
very short distance communication – up to 10 cm [10]. It is 
applicable for assets identification, access control, contactless 
payment, etc. 

There are three NFC communication modes: 
 NFC peer-to-peer - for data exchange between two 

paired mobile devices;  
 NFC reader/writer - in which one of the devices is 

active - it sends signals and receives the data sent form the 
passive device;  

 NFC card emulation - NFC-enabled devices like 
smartphones could be used as credit cards for contactless 
payment or ticketing. 

Initially the technology is designed for access control 
(identification) and digital tickets in public transportation. 
Later it is introduced in payment cards (as integrated chips) 
and smartphones for contactless payment.  

NFC is very suitable for configuring of embedded systems 
using the results of other applications available for smart 
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devices like graphics processing, complex calculations, GPS 
positioning, Internet communications. Similarly, NFC applies 
when the smart device wishes to obtain information from an 
embedded system. 

Other useful applications of NFC include passive tags, 
embedded in advertisement posters and information boards, 
thereby sending useful information to the users, like scanning 
QR code. 

Smartphones can operate as a reader and as a tag, which 
makes possible peer-to-peer communication. By holding the 
smartphone to the NFC-enabled device, the user is able to 
connect via Bluetooth much faster than pairing devices 
manually. 

The main implementation problems are the proper 
infrastructure and the data safety. 

Z-Wave 
Z-Wave is one of the newest wireless technologies in the 

RF range. It operates in the sub-GHz band, thereby avoiding 
interference with other wireless technologies in the 2.4 GHz 
range (Bluetooth, ZigBee, etc.) [11], [12].  

It is designed especially for home automation and Internet 
of Things. A Z-Wave hub (network controller) manages the 
communication. It allows a distance control via remote web 
access.  

Up to 232 devices could be connected in a mesh network 
topology in a line of sight up to 100 m. Repeaters (hops) are 
used in case of obstacles - maximum four hops in a network, 
increasing the distance up to 200 m. 

The devices are interoperable - all they apply ITU-T 
G.9959 global radio standard and they are compatible, 
regardless the manufacturer or brand. 

Presently over 1700 interoperable Z-Wave products for 
various home automation applications are available: lighting, 
lock, various sensors, power management, irrigation, 
thermostats, etc. Over 70 million products are sold worldwide 
[12]. 

WiFi  
IEEE wireless network standard WLAN 802.11is initially 

intended to connect wirelessly mobile devices in a local 
network, beginning later to be used for Internet connection 
[13]. 

While the above wireless standards can be used quite 
successfully to connect a microcontroller with a periphery for 
relatively short distances, the WiFi is used in two directions:  

 To connect the user with the system using the widely 
spread mobile devices - smartphones, tablets, laptops, in short 
distance. 

The advantage is that a regular user without professional 
qualification could easily configure the connection with new 
devices, unlike ZigBee for instance. 

 To connect embedded systems and their blocks with 
World Wide Web [14]; 

It is a rapidly growing technology with a great potential. On 
one hand it gives an opportunity for flexible and rapid 
monitoring and control of wirelessly connected embedded 
client devices, so called “Internet of Things” (or “Wireless 
Connectivity of Things”), аnd on the other it could be applied 
successfully together with perspective cloud computing.  

Another advantage of WiFi is the high data rate. An 
amendment to the IEEE 802.11-2007 wireless-networking 
standard specifies significant increased data rates - from 
54 Mbit/s to 600 Mbit/s, using multiple antennas in order to 
improve network throughput. 

It is the most expensive technology in comparison to the 
above mentioned, but is getting cheaper through the years. In 
addition, it is significantly cheaper than using a dedicated 
touch panel for an embedded system. 

WiFi is a suitable way to configure and control remotely 
embedded systems from long distances around the world and 
from a variety of devices.  

 
Table. 1 presents a short summary of the main features of 

the above examined short range wireless technologies.  

III. CONCLUSION 

A short survey on the features, parameters and application 
areas of modern wireless technologies has been made in the 
present paper in relation to embedded systems and more 
exactly home automation and IoT.  

WiFi and Bluetooth, initially designed for office and 
personal communication, are the most widely used wireless 
technologies nowadays. They are continually developing 
under IEEE802 subgroups of standards, effective and reliable, 
allowing the use of conventional personal digital devices. 
WiFi is the most expensive approach but the most flexible and 
extensible. Both technologies are perfect to implement 
universal man-machine interface. 

The features and thus the application areas of the radio 
frequency range interfaces differ. LF devices do not need to 
communicate in a line of sight. They are intended for short 
distance, low data transfer communication. The connection is 
stable close to metal objects, water, etc. unlike HF, UHF and 
microwave. Their main application areas are objects tracking 
and positioning, access control, etc. 

Modern rapidly developing areas such as building and 
industrial automation, IoT, sensor networks, imply further 
development of the wireless interfaces and the emergence of 
new ones, such as Z-Wave, Wireless Sensor and Actuator 
Network protocol DASH7, networking protocol for Internet of 
Things (IoT) Thread, EnOcean and Insteon technologies for 
home automation, etc. 
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TABLE I 
MAIN FEATURES OF SHORT RANGE WIRELESS TECHNOLOGIES IN RELATION TO EMBEDDED SYSTEMS APPLICATIONS 

Technology 
Network 
topology 

Data transfer 
rate 

Wavelength/ 
Frequency range 

Distance, m 
Power 

consumption 
Internet 

connectivity 
Smart mobile 
devices access

 peer-to-peer 2,4 kbps-1 Gbps 850–900 nm 0,1-1 low difficult 
not very 
suitable 

 

peer-to-
peer;star; 

piconets with 
up to 7 nodes 

1 - 3 Мbps ISM: 2,4 GHz 0,1 - 100 1 - 100 mW  yes most suitable

 
peer-to-peer; 
star;  mesh 

250 kbps 
(20 kbps) 

ISM: 2,4 GHz 
(868 MHz in 

Europe) 
10-100 

1 - 100 mW; 
typically 1 

mW 
yes not suitable 

 
peer-to-peer 

LF: 4-8 kbps; 
HF: 6.7 kbps to 

848 kbps 

LF: 125–134 kHz 
HF: 13.56MHz 

LF: up to 10 
cm 

HF: up to 100 
cm 

very low difficult not suitable 

 
peer-to-peer 

106, 212 or  
424 kbps 

13.56MHz 
< 20 cm; 

typical - 4 cm

Tag: none 
Reader: very 

low; 
typically 1 

mW 
 

difficult most suitable

 
star 

11 (b), 54 (g), 
600 (n) Мbps, 
(ac) 1,3 Gbps; 
(ad) 7 Gbps 

(n) ISM: 2,4 GHz 
и/или 5 GHz; 

(ac) 5 GHz 
30-100 highest excellent most suitable

 

peer-to-peer; 
mesh, 

 up to 232 
nodes 

40 - 100 kbps 
ISM: 868.42 MHz 

(Europe) 

up to100 m; 
up to 200 m 
with 4 hops; 

typically up to 
30m 

very low; 
typically 1 

mW 
 

difficult most suitable
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Wireless System for Battery Cell Voltage Monitoring 
Dimiter Badarov1, Georgy Mihov2 and Racho Ivanov3 

Abstract – The subject of this article is the development and 
the testing of a wireless battery voltage monitoring system. A 
smart device using Wi-Fi interface is developed to measure the 
voltage and temperature of each cell of a battery. This device 
makes possible the construction of a smart battery monitoring 
system for control and optimization of the charge/discharge 
cycles of a battery.  
 

Keywords – Battery monitoring, Smart sensor, Data 
acquisition, Wi-Fi interface, Internet of Things. 

I.  INTRODUCTION 

Most of the batteries consist of a number of cells connected 
in series. Usually in the process of charge and discharge the 
voltage of the whole battery is monitored but not that of the 
individual cells. This principle relies on that all cells from the 
same battery are with identical parameters and are always in 
an equal state of charge. When the battery gets older, the cells 
change its parameters. The capacity of some cells drops more 
than others and the internal resistance of some cells is getting 
higher than others. These differences are leading to a non-
equal state of charge of the different cells. The weaker cells 
go into a deep discharge and overcharge frequently. At the 
same time the stronger cells stay undercharged. This puts the 
cells into a non-optimal mode of operation and the 
asymmetries are getting worse with time and soon the battery 
reaches its end of life [1]. 

For the purpose of the battery monitoring a cheap device 
with small size and Wi-Fi interface is developed. The device 
is mounted on each individual cell of the battery and monitors 
the voltage and the temperature of the cell. The current 
through the battery is monitored also. All the data is sent 
through a Wi-Fi interface to a central station where the data 
from the whole battery is collected and processed. This gives 
information for actual parameters of each individual cell and 
can be used to optimize the mode of operation of the battery. 
With this methodology one can provide the required measures 
to counteract the cell degradation in the exact time and 
prolong the battery life. 

 

II. STRUCTURE OF THE CELL VOLTAGE 

MONITORING MODULE 

The structural diagram of the cell voltage monitoring 
device is represented in Fig. 1. 

Fig. 1. Structural diagram 
 
It consists of a power supply module, Wi-Fi interface 

module, CPU module and some peripheral devices like 
Analog-to-Digital Converter (ADC), sensors etc. The 
microcontroller Cortex M0+ is a low power microcontroller 
which controls the whole measurement process and 
communication through the Wi-Fi interface. The used Wi-Fi 
interface module is based on ESP8266 device and has serial 
interface for data transfer and Printed Circuit Board (PCB) 
antenna [2]. The cell voltage monitoring module also 
incorporates Analog-to-Digital Converter, digital temperature 
sensor and current sensor. 

The microcontroller program algorithm does the 
measurements, sends the data through the Wi-Fi, receives 
control packets of data from the central station and puts the 
microcontroller and all peripheral modules to low power 
mode, called ‘Sleep’. A wakeup timer is started and when it 
counts to zero the microcontroller wakes up and does the 
routine again. This is a key measure to reduce the power 
consumption of the module and the self-discharge of the cell. 

III. POWER SUPPLY 

The power supply module generates all of the supply 
voltages needed for the system from the voltage of the battery 
cell itself. The voltage of the cell varies in a wide range based 
on the type of the battery and the state of charge. The DC-DC 
converter uses TPS61200 device. Its input voltage interval is 
from 0.5 to 5.5V which covers almost every battery cell 
voltage and state of charge. The DC-DC converter features 
reduced idle power consumption and high efficiency by using 
synchronous rectifier. The specific application requires the 
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3Racho Ivanov is with the Department of Electronics, Faculty of
Electronic Engineering and Technologies, Technical University –
Sofia, 8 Kliment Ohridski blvd., 1000 Sofia, Bulgaria, E-mail:
r.ivanov@tu-sofia.bg   



448 

power supply to withstand significantly higher voltage than 
the standard cell voltage in case of open circuit into the 
battery cell. In such scenario the whole battery voltage can 
appear over the cell terminals with the reverse polarity [3]. In 
such case the power supply should shut down safely. The 
power supply can shut down also in case of deep discharge of 
the battery cell. In these cases the central station loses 
connection to that cell which is interpreted as failure in the 
cell. 

IV. COMMUNICATION PROTOCOL 

The data transfer through the Wi-Fi is organized in 64 bit 
packets Fig. 2. Every packet starts with the 16 bit battery 
identification number followed by 4 bit cell number. The next 
information transmitted is the 12 bit temperature value 
followed by the two 16 bit values for the current and the 
voltage. As the current is equal for all cells in a battery only 
one module measures the current. This is either the module of 
the first or the last cell. The current value transmitted from all 
other cell modules is 0x0000. 

Fig. 2. Structure of the data packet 
 
The power consumption of the module is proportional to 

the frequency of the measurements, Fig. 3. 
 

Fig. 3. Power-to-frequency relation 
 
A two-way communication protocol is developed for self-

discharge reduction. If the cell module cannot connect to the 
central station the turn on frequency is low - one turn on per 
minute. This reduces the power consumption and the self-
discharge When the connection with the central station is 
established the station responds to the cell module with a data 
packet which contains the desired frequency of measurement 
in the form of a value for the sleep timer of the 
microcontroller. If needed a continuous mode of measurement 
can be activated. 

The program algorithm of the cell module is represented on 
Fig 4: 

Fig. 4. Cell module program algorithm 
 
After a restart the microcontroller performs initialization of 

all peripheral modules. Then it measures the temperature, 
current and voltage and filters the data to eliminate the noise. 
After that it sends the processed data to the central station and 
receives the control data packet. From the packet it extracts 
the sleep timer value, loads the timer and puts the peripheral 
modules and the processor to sleep. When the sleep timer 
expires the processor wakes up and repeats the algorithm. 

V. DATA FILTERING 

In the process of battery usage electromagnetic 
interferences are generated either from different loads or from 
a charging station. This interference can affect the accuracy of 
the measurements and introduce significant error. 

In the process of the DC voltage and the current 
measurement a simple averaging on n samples can be 
performed to eliminate the noise influence. In some cases 
when a lower data delay is required, more complex algorithms 
as moving average can be implemented. 

The microcontroller in the module does the moving average 
on n samples before sending the results to the central station. 

VI. CENTRAL STATION 

The central station consists of a Wi-Fi server and a 
microprocessor system with a user interface. It performs all of 
the control and communication with the cell modules and 
collects the data. Based on the information for the cell 
voltages, currents and temperatures it can calculate the best 
mode of operation for the battery at the exact time and send it 
to the charge/discharge controller for correction. 
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The information for the voltage of each cell along and the 
current through the battery can give various different 
parameters for the battery. When the data is collected and 
processed the state of charge, capacity and the internal 
resistance of each cell can be determined in a random moment 
of time. This information may be very useful for 
determination the optimal time of performing the charge or 
the corrective service to the battery. Estimation for the end of 
life can also be prepared. 

The central station program algorithm is represented in 
Fig. 5. 

Fig. 5. Central station program algorithm 
 
After a restart initialization of the peripherals is performed. 

Then a connection is established with all of the cell modules. 
The desired frequency of measurement is sent to the cell 
modules and the data from the modules is received. The 
received data is processed and the parameters are calculated. 
Based on the calculations the optimal mode of the battery is 
determined and the mode is corrected. Then the algorithm is 
repeated. 

VII. MATHEMATICAL CALCULATIONS 

When the data is collected in the central station the 
following parameters of the battery cells are calculated: 

- Cell capacity. The capacity of the cell of a battery is 
calculated by integrating the current through the cell in the 
time of discharge when starting at a fully charged cell and 
finishing at fully discharged. 

The capacity of the lead-acid batteries decreases as the 
discharge current increases [4]. In this case the capacity 
calculation is corrected according to Peukert's law Eq. (1): 
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where: 
It is the capacity for the actual discharge current I, 
C is the standard capacity for the discharge time H in hours, 
k is the Peukert's constant for the battery. 
 
The equation is applied to every time interval with 

relatively constant discharge current. 
This method is fairly accurate but it is inapplicable in some 

cases because of the required starting conditions of fully 
charged battery and the required full discharge. These 
requirements are not fulfilled every discharge cycle because 
the lead-acid batteries are usually recharged before full 
discharge. 

An alternative method for capacity measurement is 
proposed using the voltage versus state of charge curves for 
the battery Fig. 6. 

Fig. 6. Voltage versus State of Charge curves 
 
The state of charge is determined according to the standard 

curves for the battery in the beginning and the end of the 
measurement period. The current is integrated in the time of 
the measurement period. The capacity is calculated according 
to Eq. (2): 
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where: 
t=0 is the beginning of the measurement interval, 
t=n is the end of the measurement interval, 
SoCt=0 is the State of Charge in percent at the beginning of 

the measurement, 
SoCt=n is the State of Charge in percent at the end of the 

measurement interval, 
C is the approximated capacity of the cell. 
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For lead-acid batteries the calculated value C is corrected 
using the Peukert's law to get the standard 20h discharge 
capacity. 

These capacity measurement algorithms are not so accurate 
in comparison to the measurement using a constant discharge 
current. However, these algorithms give a rough idea for the 
capacity of each cell. 

- Static internal resistance of the cell. The static internal 
resistance of a battery cell is important parameter. It is used 
for determining the state of charge, the aging of the cell and 
the optimal charge/discharge current. It is calculated from the 
variation of the cell voltage versus the variation of the current 
through the cell and is given by Eq.(3): 
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where: 
Ri is the internal resistance of the cell, 
ΔU is the variation of the cell voltage, 
ΔI is the variation of the current through the cell. 
 
The internal resistance is calculated every time when a load 

current variation occurs. The natural wide interval of load 
current variations allows the building of a load curve for each 
cell of the battery and also a curve of the static internal 
resistance versus the load current. 

- End of life prediction. Based on the above calculations the 
end of life of the battery can be predicted. A rapid increase of 
the internal resistance of one of the cells or rapid decrease of 
the capacity is sign for a problem with the cell. The cell can 
be serviced accordingly or a corrective charge can be applied. 
This way the life of the battery can be extended [5]. 

The method of equalizing charge can be applied if the state 
of charge of the different cells of a lead-acid battery differs 
too much. The equalizing charge is applied until the state of 
charge is equalized. The usage of the data from the cell 
modules can help determining the exact moment of 
application of equalizing charge as well as the application 
period. This extends the life of the battery [6]. 

VIII. CONCLUSION 

The developed battery cell voltage monitoring device helps 
gaining much information about the battery in the field of 
application. This information can be useful as for better 
studying the processes in the battery, as for optimizing the 
battery usage to extend its life.  

The calculations for the different battery parameters are 
done in the software of the central station and can be modified 
according to the type of the used batteries. A new parameters 
can be added any time based on the existent data from the 
battery modules. This makes the developed system very 
flexible. 

Wi-Fi interface is chosen for communication between the 
modules and the central station despite its higher energy 

consumption due to the lower cost of the commercial Wi-Fi 
modules and for the flexibility which gives the interface. For 
example when using Wi-Fi any standard laptop or tablet with 
appropriate software can be used for central station instead of 
a dedicated device. The usage of standard Wi-Fi interface also 
gives the opportunity to use already existent Wi-Fi networks 
to exchange the data with the central station. This is useful if 
the battery is mobile for example on a forklift or another 
electric vehicle which has a several hundreds of meters 
working field. An individual static IP address can be defined 
for every group of cell modules and the central station can 
recognize the group based on the IP address. This way it is 
possible to connect the cell modules to the central station 
through the internet using a mobile internet modem. This can 
extend the working range of the system even more. In all 
cases the monitored batteries should be pre-defined manually 
with their unique numbers in the central station in order to 
recognize them and to collect the data which they are sending. 

The developed two-way communication protocol between 
the central station and the battery modules reduces the power 
consumption of the modules. The frequency of turning on and 
sending data over the Wi-Fi is changed dynamically on 
demand which reduces the consumption in the time the battery 
is not in use. 
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Arduino-based Wireless Sensor Nodes 
Milen Todorov1, Boyanka Nikolova2, Georgi Nikolov3, Milena Terzieva4                

Abstract – ZigBee is one of the main standards for low-data-
rate, short-range communications used in wireless sensor 
networks. The main advantages of this standard are mesh 
networking, low-power, low-complexity, reliability and operation 
on unlicensed frequency band, available Worldwide. In this 
paper is presented an approach to develop low-cost sensor nodes 
using an open-source hardware and software platforms, such as 
Arduino.  
 

Keywords – Arduino, IEEE 802.15.4, Wireless Sensor 
Networks, XBee, XCTU, ZigBee. 

I.  INTRODUCTION 

While numerous sensors are connected directly, through the 
use of existing local area networks, with controllers and data 
processing stations, the numbers of sensors that send 
information wirelessly are increasing. This is important 
because many network applications require hundreds or 
thousands of sensor nodes, often located in remote and 
inaccessible areas. Therefore the sensor node, except the 
sensor element should have processing and data storage 
capabilities. Sensor networks are ideal for all forms of 
environmental monitoring. Due to the sensors’ small size, low 
energy requirements, and low-cost, implementers can install 
them at sites or at specific stations or machines for precise 
reporting. Sensors can be used to measure observations at key 
locations, the measured data is sent to a computer or even to a 
server in the cloud. 

The microcontroller platform in this paper is Arduino. This 
is an open-source electronics platform based on hardware and 
software. The most significant advantages of Arduino over 
other systems are: 
 Relatively inexpensive compared to other microcontroller 

platforms; 
 Cross-platform – the Arduino Software (IDE) runs on 

different operating systems; 
 Simple and clear programming environment; 
 Open source and extensible software. The language can be 

expanded through C++ libraries; 
 Open source and extensible hardware – circuit designers can 

make, extend and improve the module. 

ZigBee is a standard that defines a set of communication 
protocols for low-data-rate short-range wireless networking. 
The standard is developed by the ZigBee Alliance, which has 
hundreds of member companies, from the semiconductor 
industry and software developers to original equipment 
manufacturers (OEMs) and installers. The ZigBee standard 
uses IEEE 802.15.4 as its Physical Layer (PHY) and Medium 
Access Control (MAC) protocols. IEEE 802.15.4 uses 
spreading methods to improve the receiver sensitivity level, 
increase the jamming resistance, and reduce the effect of 
multipath. The signal spreading by the transmitter and 
despreading by the receiver reduce the effect of the interferers 
[1-3]. 

II. SENSOR NODE CONFIGURATION 

Arduino boards do not come with ZigBee connectivity. The 
proposed option in this paper is to use a shield. A shield is 
basically an extension board that can be placed on top of the 
Arduino board. Shields are used to extend the hardware 
features of the Arduino. Another option is to use an external 
component, mounted on a breakout board, which are 
connected to Arduino. The used digital relative humidity and 
temperature sensor RHT03 measures the concentration of 
water (moisture) in the air. Humidity sensors react to these 
phenomena and generate a voltage that the microcontroller of 
Arduino read and calculate a value on a scale. A basic, low-
cost humidity sensor is the DHT-22. The DHT-22 is designed 
to measure temperature as well as humidity. It generates a 
digital signal on the output (data pin). It should be used to 
track data at a reasonably slow rate (no more frequently than 
about once every 3 or 4 seconds). When this sensor generates 
data, that data is transmitted as a series of high and low 
voltages that the microcontroller reads and use to form a 
value. In this case, the microcontroller reads a value 40 bits in 
length. The first two bytes are the value for humidity, the 
second two are for temperature, and the fifth byte is the 
checksum value to ensure an accurate read [4]. DHT-22 
temperature and humidity sensor requires pull up resistor to 
pull up the data value to the voltage level to ensure a valid 
logic on the wire. The sensor is temperature compensated and 
calibrated in accurate calibration chamber and the calibration-
coefficient is saved in type of programme in one-time 
programmable (OTP) EPROM. When the sensor is detecting, 
it will read this coefficient from memory [5]. The sensor uses 
its own protocol. 

The XBee and XBee-PRO Radio Frequency modules meet 
IEEE 802.15.4 standards and support the needs of low-cost, 
low-power wireless sensor networks. The modules require 
minimal power and provide reliable delivery of data between 
devices. The modules operate within ISM 2.4 GHz frequency 
band and are pin-for-pin compatible with each other [6, 7]. 
The XBee/XBee-PRO modules interface to a host device 
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through a logic-level asynchronous serial port. Through its 
serial port, the module can communicate with any logic and 
voltage compatible UART or through a level translator to any 
serial device (e.g. RS-232, USB interface board). By default 
modules operate in Transparent Mode. In this mode, the 
modules act as a serial line replacement – all UART data 
received through the DI pin is queued up for RF transmission. 
When RF data is received, the data is sent out the DO pin. If 
the module can not immediately transmit, the serial data is 
stored in the DI Buffer. The data is packetized and sent at any 
RO timeout or when maximum packet size are received. If the 
DI buffer becomes full, hardware or software flow control 
must be implemented in order to prevent overflow – loss of 
data between the host and module. Application Programming 
Interface (API) Operation is an alternative to the default 
Transparent Operation. The frame-based API extends the 
level to which a host application can interact with the 
networking capabilities of the module. When in API mode, all 
data entering and leaving the module is contained in frames 
that define operations or events within the module. The API 
provides alternative means of configuring modules and 
routing data at the host application layer. A host application 
can send data frames to the module that contain address and 
payload information instead of using command mode to 
modify addresses [8]. By default XBee modules are 
configured to operate within a peer-to-peer network topology, 
i.e. modules are synchronized without use of master/server 
configurations. A peer-to-peer network can be established by 
configuring each module to operate as an End Device, 
disabling End Device Association in all modules and setting 
ID and CH parameters to be identical across the network. 

III. NETWORK DEPLOYMENT 

Fig. 1 shows the discovered radio module that is connected 
to the computer and remote radio modules in the same 
network as the local module. 

 

 

Fig. 1. Detected local and remote modules 

The detected network topology is shown of Fig. 2. The 
network perspective is only available in API operating mode 
of detecting module. Radio modules in AT (transparent) mode 
do not support the network discovery process. Each module is 
labelled with its role (C – coordinator, R – router). 

 

 
Fig. 2. Network topology 

 
As can be seen from the figure each node is connected to its 

neighbours with solid lines (active connections) or dotted 
lines (undiscovered connections), with arrows indicating the 
direction of communication. The bidirectional quality and 
status of the connection between two nodes are displayed next 
to the line that connects them. The link quality is represented 
by Link Quality Indication (LQI) with number between 0 and 
255 where 0 is the weakest and 255 is the strongest. 

Fig. 3 shows table view of detected radio modules. The 
green background (first row) denotes the local radio module 
used for the detection. The blue background (second row) 
denotes the selected module. The table gives the role of each 
device, 64-bit address of the modules, network address (for 
ZigBee network) or node identifier (for networks working 
with other protocols), scan number when the devices were last 
discovered. Even when a radio module leaves the network, 
some devices continue to store information about their 
relationship. On Connection column can be seen the remote 
modules which are connected to the selected module. Also are 
displayed their: role in the network, 64-bit address, LQI and 
status. 

 

 

Fig. 3. Table view of detected nodes 
 
The quality of the wireless signal can be affected by many 

factors, most important of which are absorption, reflection of 
waves, line of sight issues, antenna style and location. 
Therefore was carried out a range test, which shows the radio 
frequency (RF) range and link quality between two selected 
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XBee modules. The LQI is an indication of the quality of the 
data packets received by the receiver and it is recorded for 
each received packet, indicating the signal energy or the 
signal-to-noise ratio. The LQI is only one of the decision 
factors in selecting a path to route a message. A method to 
calculate the link cost is to use a lookup table to map different 
levels of LQI directly to the link cost levels of 0 to 7. The 
table is created based on the average results of several 
experiments. Other factors such as routing energy efficiency 
considerations, can also influence the route selection [2]. 
Fig. 4 shows the results from the test. During the test the local 
module send data packets and waits for the echo from the 
remote module. The XCTU software tool counts the number 
of the packets sent and received and measures the signal 
strength of the both sides as a Received Signal Strength 
Indicator (RSSI) value. The performed test type is Cluster ID 
0x12, which uses explicit addressing frames directed to the 
Cluster ID 0x12 on the data endpoint 0xE8, which returns the 
received data to the sender. As can be seen from the figure, 
during the test session were sent 100 packets with transmit 
interval of three seconds and response timeout before 
considering a packet to be lost also three seconds. 

 

 

 

Fig. 4. Results from range test tool 

Fig. 5 shows the results from Throughput tool of XCTU, 
which measures the transfer rate between two radio modules 
in the ZigBee sensor network. The throughput type was 
bidirectional – Cluster ID 0x12. It is important to note that not 

all protocols and operation modes support Bidirectional – 
Cluster ID 0x12 Throughput type of test. The duration of the 
test was 300 s and were sent 1034 packets with 86856 bytes. 

 

 

Fig. 5. Results from the throughput session 

 
Fig. 6 shows the collected data from a single sensor node in 

the ZigBee network. 
 

 

 

Fig. 6. Measured relative humidity and temperature 

IV. ACQUIRING DATA IN LABVIEW 

ENVIRONMENT  

The presented approach can be extended for use in 
graphical programming environments. Such environment is 
LabVIEW, that is a high level programming language, which 
inherits the internal structures of C language, but offers more 
simplicity and functionality about making signal processing 
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calculations and control techniques of instruments. The main 
advantage that LabVIEW offers is that it is a graphical 
language [9, 10]. The programs in this language have, from 
the user side, the same appearance as a front panel of an 
electronic device, with buttons, graphic screens, numerical 
indicators, etc. 

LINX is a free software package installed in LabVIEW. 
This package makes easy to use graphical programming 
language for interacting with some embedded platforms such 
as Arduino, chipKIT and myRIO. With LINX installed in 
LabVIEW it is possible to easily access the device’s digital 
inputs and outputs, analog inputs and outputs, SPI, I2C, 
UART, PWM and more features. Inside LINX functions, there 
are several options for the user to choose. The Open and Close 
functions are used to start and end the communication with 
the Arduino microcontroller. In palette Peripherals the user 
finds different options for general digital and analog inputs or 
outputs. There are also different options for PWM, I2C, SPI 
and UART communication. The user can also find sensors 
functions that are already prepared to work with specific 
sensors. There are different types such as temperature sensors, 
light sensors, motion sensors, etc.  

In the presented work as example for using Arduino as 
wireless sensor node in LabVIEW, PIR movement sensor HC-
SR501with digital output is connected to Arduino. Movement 
detectors based on this PIR sensor could be used for 
automatically sensing light for a room, bathroom, basement, 
porch, warehouse, garage, etc. It can also be used to get 
ventilators to work. In safety applications, obviously it can 
work as an alarm to detect when a person is entering some 
place. Actually, the wireless network topology is the same as 
in Fig. 2. The difference is in the graphical way to send 
command and receive data from sensor nodes. 

 

Fig. 7. LabVIEW block diagram for communication with 
Arduino and Xbee explorer 

Graphical programing code with specific LINX functions is 
shown in Fig. 7. As can be seen in the figure only three 
functions are needed to receive data from wireless node: 
Open, Close and Read Digital. 

The front panel of wireless communication with sensor is 
shown in Fig. 8. It is used to control only virtual serial port 
and number of digital pin connected to the motion detection 
sensor.  

 

 

Fig. 8. Front panel of application for motion detection 

V. CONCLUSION 

In present project is suggested an approach for organizing 
wireless sensor network that use communication protocols 
according to the standard ZigBee. The proposed and 
implemented approach extends the performance of sensors, by 
using open source platform for development of low-cost 
wireless sensor nodes. In addition as alternative method for 
wireless communication between the sensor nodes, 
programing code in LabVIEW graphical programming 
environment is created.  
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A Cost-Effective Linearization System used for 
Resolution and Accuracy Increase of 

an Angular Position Encoder 
Jelena Jovanović1 and Dragan Denić2

Abstract – This paper presents a cost-effective angular position 
encoder linearization system based on a PIC18F2550 
microcontroller. The linearization system is developed and 
employed to increase the encoder resolution and accuracy. More 
specifically, the encoder resolution is increased by three bits, 
while the maximal absolute measurement error is reduced by ten 
times.  
 

Keywords – Angular position determination, linearization, 
pseudo-linear signal, sine and cosine signal processing. 

I.  INTRODUCTION 

The angular position encoders are widely used transducers 
in many systems that contain rotating parts [1]. However, the 
non-linearity of the encoder static transfer function results in 
low sensitivity, meaning that even significant change in the 
measured angle leads to insignificant output voltage variation 
[1, 2]. Sometimes these output voltage variations are so small 
that the noise present in the signal or signal distortion can 
mask them. If the variation of encoder output voltage is not 
detected, the measured angle change will not be detected as 
well, producing in this manner a significant measurement 
error. In order to avoid this kind of error, a linearization 
technique can be used [3-6]. 

To gain more accurate information about the absolute 
angular position, one can use the interpolation electronics for 
processing of encoder output sine and cosine signals [7]. 
However, the interpolation method is based on information 
about the relative difference between sine and cosine signal 
amplitudes and phases, so the deviation of these signals from 
the ideal signal waveforms can cause an error. Therefore, it is 
important to eliminate these deviations before the signals are 
brought to the inputs of the interpolation electronics.  

The aforementioned problems can be avoided using the 
encoder linearization system presented in this paper. The 
developed linearization system is reliable and by its price 
cost-effective solution that enables the angular position 
measurement resolution increase by three bits. The system is 
consisted of a linearization circuit (a network of logic circuits, 
comparators, operational amplifiers and a multiplexer) and the 
PIC18F2550 microcontroller (MCU). Result of the application 

of this system is lower absolute measurement error, while the 
shortcomings of complex and processor demanding digital 
linearization methods are avoided [8]. 

II. LINEARIZATION SYSTEM DESIGN, 
FUNCTIONING AND APPLICATION RESULTS 

Angular position encoder generates highly nonlinear sine 
and cosine signals at its output as a response to an angular 
position change, [1]. By processing these signals with the 
proposed linearization circuit more linear resulting signal, so-
called pseudo-linear signal, is obtained. Pseudo-linear signal 
is composed of the most linear parts of sine and cosine signal. 
In addition to the output pseudo-linear signal, the proposed 
linearization circuit generates three bits used for coding of an 
octant, π/4 [rad] wide, (within the range of 2π [rad]) to which 
the measured angle belongs. Further processing of the signal 
(for example A/D conversion using the A/D converter (ADC) 
built-in in the MCU) is carried out within one octant, so that 
the ADC input range is narrowed down. 

The proposed linearization system is tested using a PC with 
the LabVIEW virtual instrument used to generate the encoder 
output signals that are brought to the respective inputs of the 
linearization circuit via PCI-6251/CB-68LP Academic Starter 
Kit (consisted of the PCI-6251 multi-function acquisition card 
and CB-68LP connecting block). In addition to the 
linearization circuit, the newly-designed printed circuit board 
contains the PIC18F2550 MCU whose built-in 10-bit ADC 
performs conversion of analog pseudo-linear signal of 
improved linearity into digital domain. The shape of the 
pseudo-linear signal (voltage), that is being further digitized, 
is the same as the shape of the sine function within the range 
from 0 to π/4 [rad]. The MCU forwards the 10-bit digitized 
voltage to the PC via built-in HID USB connection. 
Additional virtual instrument, installed on the PC, determines 
the value of the angular position using the first three bits and 
the output of the 10-bit ADC, and displays the result on the 
front panel. Testing scheme of the proposed linearization 
system is shown in Fig. 1.  

Electrical scheme of the linearization circuit used for the 
pseudo-linear signal generation is shown in Fig. 2a. The sine 
and cosine signals are brought to the inputs of the comparators 
in order to be compared with the zero reference voltage, or in 
order to be mutually compared. By bringing digital signals A, 
B, C and D to the inputs of the logic circuits shown in Fig. 2a, 
special logical operations are performed, while the following 
bits are generated: 
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Fig. 1. Testing scheme of the proposed linearization system  

TABLE I 
SIGNALS AND BITS GENERATED IN THE PROPOSED LINEARIZATION CIRCUIT 

Measured angle 
x [rad] 

A: 
sin(x)>0 

B: 
cos(x)>0 

C: 
cos(x)>sin(x) 

D: 
sin(x)+cos(x)>0 

D2 D1 D0 Output signal

0-π/4 1 1 1 1 0 0 0 +sin(x) 
π/4-π/2 1 1 0 1 0 0 1 +cos(x) 
π/2-3π/4 1 0 0 1 0 1 0 -cos(x) 
3π/4-π 1 0 0 0 0 1 1 +sin(x) 
π-5π/4 0 0 0 0 1 0 0 -sin(x) 
5π/4-6π/4 0 0 1 0 1 0 1 -cos(x) 
6π/4-7π/4 0 1 1 0 1 1 0 +cos(x) 
7π/4-2π 0 1 1 1 1 1 1 -sin(x) 
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Fig. 2. (a) Electrical scheme of the linearization circuit used for 
pseudo-linear signal generation, (b) Output pseudo-linear signal 

(bolded line) 
 

The octant to wich the current value of the measured angle 
belongs is represented by the bits D2, D1 and D0. Also, these 
bits are intended for the control of the analog 8-to-1 
multiplexer, as shown in Fig. 2a. The waveforms of sine, 
cosine and pseudo-linear signal are shown in Fig. 2b. In Table 
I are given logical values of A, B, C and D digital signals 
obtained at the comparators’ outputs, the bits D2, D1 and D0, 
and the waveforms of the output signal related to the current 
octant. It can be observed that in the measurement range of 2π 
[rad] the pseudo-linear signal represents a combination of the 
most linear parts of the following signals: sin(x), cos(x), -
sin(x) and -cos(x). As shown in Fig. 2a, signals -sin(x) and -
cos(x) are generated in the linearization circuit, and together 
with the input signals sin(x) and cos(x) are brought to the 
inputs of the analog 8-to-1 multiplexer. Which signal will be 
available at the output of the analog multiplexer depends on 
the corresponding octant of the current angle value x, i.e. it 
depends on the combination of bits D2, D1 and D0. 

In order to obtain a monotonically rising static transfer 
function of the complete measurement system (including 
position encoder, linearization circuit and the 10-bit ADC of 
the MCU), it is necessary to perform the inversion of ADC 
output bits when the current angle value x belongs to even 
octants, because in these octants the slope of the pseudo-linear 
signal waveform is negative. Since D0 has a logical value of 1 
in even octants, the most convenient manner to perform the 
aforementioned inversion is to bring the output bits of the 
ADCA/D converter together with D0 to the inputs of ten 
logical XOR circuits. In comparison to the bits D2, D1 and D0, 
the 10-bit ADC output bits are of less significance (weight).  

For example, if the current value of the measured angle x 
belongs to the octant spanning from π to 5π/4 [rad], at the 
output of the multiplexer will be obtained the most linear part 
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of the signal -sin(x) (see the last column in the Table I and see 
the Fig. 2b, while the coding bits for this octant are 1 0 0. 
Since the signal -sin(x) has only positive values for this octant 
and has the same shape and slope as the signal sin(x) in the 
range from 0 to π/4 [rad], the inversion of ADC output bits is 
not necessary. In the following octant (from 5π/4 to 6π/4), the 
pseudo-linear signal is represented by signal -cos(x), which 
has the same shape, but the negative slope in comparison to 
the signal sin(x) in the range from 0 to π/4 [rad]. In this case, 
the inversion of ADC output bits needs to be performed. 

 

 
(a) 

 

 
(b) 

Fig. 3. (a) Front panel of the VI used for sine and cosine signal 
simulation; (b) Front panel of the VI used for calculation and 

displaying of angular position measurement results 
 

In Fig. 3a, the front panel of the virtual instrument, 
designed to generate signals from the encoder output, is 
shown. This virtual instrument offers the possibility of 
adjusting the amplitude, phase and frequency of sine and 
cosine signal in accordance with the rotating speed of the 
observed object whose angular position is measured (it is 
assumed that the speed of rotation, in the observed time 
interval, is constant). The cosine signal is obtained by phase 
shifting of the sine signal (with the same amplitude and 
frequency) by π/2 [rad]. The generated signals are brought to 
the designated inputs of the proposed linearization system 
over the CB-68LP connecting block and the PCI-6251 
multifunction acquisition card. Fig. 3b shows the front panel 
of the virtual instrument designed to calculate and display the 
angular position after the linearization is finished. The virtual 
instrument determines the angular position x [rad] based on 
the values of bits D2, D1 and D0 (which define the current 
octant number n), and on the basis of the voltage u [V] that is 
brought to the 10-bit ADC input. In precise, the following 
expressions are implemented in the virtual instrument: 
when the angle value x belongs to an odd octant: 

       rad 1 arcsin V
4

x n u


    , n=1,3,5,7,  (4) 

and when the angle value x belongs to an even octant: 

     rad arcsin V
4

x n u


   , n=2,4,6,8.  (5) 

The printed circuit board (PCB) of the proposed 
linearization system, consisted of the linearization circuit and 
the MCU, is shown in Fig. 4. The linearization circuit is 
realized using: two integrated circuits LM2903P, each of 
which has two comparators, integrated circuit CD4049UBE 
with six logical inverters, integrated circuit CD4030BE with 
four logical XOR circuits, integrated circuit LM224N with 
four operational amplifiers, DG408DJ multiplexer 8-to-1 and 
the PIC18F2550 MCU with the built-in multi-channel 10-bit 
ADC. 

 

 

Fig. 4. PCB of the proposed linearization system 
 

 
(a) 

 

 
(b) 

Fig. 5. (a) sin(x), cos(x) and pseudo-linear signal;  
(b) Bits D2, D1 and D0 
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(a) 

 

 
(b) 

Fig. 6. Static transfer function of the measurement system and the absolute measurement error: a) For the range from 0 to π/2 [rad], without 
linearization, b) For the expanded range from 0 to 2π [rad], after the linearization is performed. 

 
In Fig. 5a, the screen of the four-channel oscilloscope is 

shown when to the oscilloscope inputs are brought the 
following signals: sin(x) (blue), cos(x) (red) and the pseudo-
linear signal (green). When these signals are compared with 
the corresponding signals shown in Fig. 2b (theoretical, i.e. 
expected signals’ waveforms), a complete match is noticed. 

The values of bits D0 (orange), D1 (green) and D2 (red), in 
the range from 0 to 2π [rad], are shown in Fig. 5b. By 
observing the pseudo-linear signal shown in Fig. 5a, it can be 
noticed that its amplitude is smaller than the amplitude of the 
sine and cosine signal, i.e. it is equal to the value of 
sin(π/4)·A=cos(π/4)·A≈0.707·A, where A represents the 
amplitude of the sine and cosine signal. In this manner, the 
input range of the 10-bit ADC is narrowed down. 

To summarize, the application of the proposed linearization 
system increased the position encoder measurement resolution 
by three bits, while at the same time reduced the maximal 
absolute error by ten times. The maximal absolute 
measurement error before the linearization was          
Δxmax=0.3307 [rad], and after the linearization it is 
Δxmax=0.0342 [rad]. These values can be seen in Fig. 6 which, 
in addition to the dependence of the absolute measurement 
error on the measured angle, shows the static transfer function 
of the measurement system before (Fig. 6a) and after the 
linearization (Fig. 6b).  

III. CONCLUSION 

In this paper a cost-effective and simple linearization 
system used for angular position encoder resolution and 
accuracy increase, was presented. The proposed linearization 
system is consisted of the linearization circuit and the 

PIC18F2550 MCU with the built-in 10-bit ADC, implemented 
on the same PCB. By processing the nonlinear signals, 
obtained at the position encoder output, with the proposed 
linearization circuit, more linear resulting signal, so-called 
pseudo-linear signal, is obtained. In addition to the pseudo-
linear signal, the linearization circuit generates three bits used 
for coding of an octant, π/4 [rad] wide, to which the current 
value of the measured angle belongs.  

One additional benefit of conducting the proposed 
linearization process, besides resolution increase for three bits 
and lower measurement error, reflects in the fact that in order 
to measure the angle it is enough to digitize the sine voltage in 
the range from 0 to π/4 [rad] using the 10-bit ADC, and have 
the information about the current octant (bits generated by the 
linearization circuit). In this manner the cost-effective and 
linear measurement system for determining the angular 
position of rotating objects, with three bits higher resolution 
and ten times smaller measurement error, is obtained. 

ACKNOWLEDGEMENT 

This work was supported by the funds of the Ministry of 
Education, Science and Technological Development of the 
Republic of Serbia (grant number TR 32045). 

REFERENCES 

[1] J. Fraden, Handbook of Modern Sensors: Physics, Designs, and 
Applications, New York, Sрringеr, 2010. 



459 

[2] J. J. Carr, Sensors and Circuits: Sensors, Transducers, and 
Supporting Circuits for Electronic Instrumentation 
Measurement and Control, New Jersey, Prentice Hall, 1993. 

[3] G. Ye, H. Liu, S. Fan, et al., “Precise and Robust Position 
Estimation for Optical Incremental Encoders Using a 
Linearization Technique”, Sens. Actuators. A Phys., vol. 232, 
pp. 30-38, 2015. 

[4] D. Živanović, J. Lukić, and D. Denić, “A Novel Linearization 
Method of sin/cos Sensor Signals Used for Angular Position 
Determination”, J. Electr. Eng. Technol., vol. 9, no. 4, pp. 1437-
1445, 2014. 

[5] J. Lukić, D. Živanović, and D. Denić, “Linearization Method for 
Angular Position Sensors”, SAUM 2014, Conference 
Proceedings, pp. 229-232, Niš, Serbia, 2014. 

[6] J. Lukić, D. Živanović, and D. Denić, “A Compact and Cost-
Effective Linearization Circuit Used for Angular Position 
Sensors”, FU Aut. Cont. Rob., vol. 14, no. 2, pp. 123-134, 2015. 

[7] K.K. Tan, H.X. Zhou, and T.H. Lee, “New Interpolation 
Method for Quadrature Encoder Signals”, IEEE Trans. Instrum. 
Meas., vol. 51, no. 5, pp. 1073–1079, 2002. 

[8] N. Hamdy, Applied Signal Processing: Concepts, Circuits, and 
Systems, Boca Raton, CRC Press, 2008. 

 



 

460 

Correction of Systematic Errors in Odometry Model for 
Position Determination of Mobile Tracked Robot 

Slađana Đurašević1 and Alenka Milovanović2 

Abstract – This paper presents the application of odometry 
model for position determination of mobile robot with 
differential drive with tracks. Sources of systematic errors for 
this type of robot drive are identified, analyzed and corrected. 
For practical analysis Lego Mindstorms robot was used. 
Presented experimental results show tenfold improvement of 
odometry localization accuracy. 
 

Keywords – Odometry, Mobile robot, Correction of systematic 
errors. 

I.   INTRODUCTION 

The fundamental issue in mobile robotics is possession of 
knowledge of robot's position in space [1]. Position of mobile 
robot can be determined using various methods [2]. Odometry 
is a simple method which determines position of mobile robot 
based on distance traveled by its drive wheels [2]. Authors of 
paper [3] improved odometry model so it can be used with 
robots with track drive. Tracked drive is a special type of 
robot’s differential drive which provides better traction on 
rough types of terrains compared to wheeled drive. Track 
slippage which occurs during turning, influences on the 
accuracy of odometry positioning.  Authors of papers [4-11] 
presented methods for correction of systematic errors for 
mobile robots with wheels, but these methods haven’t been 
applied for robots with tracks. Our paper applies method for 
correction of systematic errors [4] for tracked robots, where 
they haven’t been applied yet. In this paper method based on 
odometry model is used for determining the position of Lego 
Mindstorms robot with differential tracked drive, after which 
correction of systematic errors is performed. 

II. ODOMETRY MODEL AND IDENTIFICATION OF 

ERROR SOURCES 

Robot position in three-dimensional space is defined by 
coordinated of its position (x, y, z) and orientation angles      
(θ, ψ, φ) between the robot and coordinate axes (z, x and y). 
The most common type of movement is planar movement in 
0xy plane, where robot has three degrees of freedom, position     
(x, y) and orientation θ between the robot’s vertical axis and z 
coordinate axis. Robot's current position p is determined 
based on previous position (x, y, θ) and increments of position 

parameters (Δx, Δy, Δθ) determined from distance traveled by 
left and right wheel according to Eq. (1) [12]. 
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where: Δsr - distance traveled by right wheel, Δsl - distance 
traveled by left wheel, b - distance between drive wheels. 

Odometry model determines the accurate position for robot 
with two very narrow drive wheels, each making contact with 
the ground at one point and assuming there is no slippage 
between drive wheels and ground. These points are defined as 
Instantaneous Centers of Rotation, ICRl and ICRr, for left and 
right wheel respectively. The robot will rotate around ICRl 
point, when left wheel is stationary and right one is moving. 
The distance between these two ICR points of rotation is 
matching the distance between the narrow wheels as shown 
for robot on Fig. 1a.  

Robots with tracks make contact with the ground on the 
much larger surface, so when turning slippage will occur 
because not all points on track travel the same distance. The 
position of ICRl and ICRr points of rotation will be variable 
and they will be always placed on an outer side of tracks [13, 
14] as shown in Figure 1(b). In odometry model for robot with 
tracked drive, the central distance between robot's tracks b 
cannot be used, so the distance between ICRl and ICRr points 
of rotation bICR is used instead. 

The distance between ICR points of rotation bICR can be 
determined by measuring turning efficiency. Turning 
efficiency χ is defined as the ratio between the central distance 
between robot's tracks b and distance between ICR points of 
rotation bICR [3]. Turning efficiency of the ideal differential 
drive with narrow wheels without slippage is one. For the 
deferential drive with wide wheels turning efficiency is 
around 0.9, while for tracked drive is around 0.6 [3]. 
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Fig. 1. Position of point of rotation ICRl and ICRr for wheeled robot 
(a) and for tracked robot (b) [3] 
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Turning efficiency χ is calculated as ratio between 
measured turning angle θm and expected turning angle θ0, 
when robot is rotated around its vertical axis. Distance which 
tracks need to travel with same speed, but in the opposite 
directions in order to make expected turn angle θ0 is 
calculated based on the central distance between robot's tracks 
b. Due track slippage, measured turning angle θm will be 
smaller than expected turning angle θ0. When calculated 
turning efficiency is replaced it Eq. (2), the distance between 
ICR points of rotation of tracked drive is been calculated [3]. 

Due approximations in odometry model for determining 
robot's position and other influences such as: unequal 
circumference of drive tracks, uncertainty of effective 
distance between ICR points of rotation, directionless of 
tracks, finite encoder resolution and finite sampling time 
systematic errors can occur [15]. Systematic errors are the 
dominant type of errors on smooth surfaces and their 
influence is constant and accumulates over time and can be 
determined and corrected in odometry model. Influence due 
unequal circumference of drive tracks on odometry error is 
represented by Ed parameter: 

l

r
d O

O
E  ,    (3) 

where: Or – circumference of right track, Ol – circumference 
of left track. 

Uncertainty of effective distance between ICR points of 
rotation is caused due large track’s contact surface with 
ground and is represented by Eb ratio:  

ICR

ICR
b b

b
E

*

 ,    (4) 

where: b*
ICR – corrected distance between ICR points of 

rotation of tracks, bICR – distance between ICR points of 
rotation of tracks before correction. 

Nonsystematic errors are caused when the robot moves on 
the rough and uneven ground, where slippage or contact with 
other objects can occur. It is not possible to correct the 
influence of such errors since their occurrence is 
unpredictable and in that case, the robot will always reach 
difference final position for the repeated movement. Influence 
of nonsystematic errors on odometry model can be expressed 
statistically as the uncertainty of the determined position of 
the mobile robot.  

Systematic odometry errors can be measured using 
bidirectional test [16] in which robot moves on the quadratic 
path with the length of segment of L. In one set of 
experiments, robot moves on the quadratic path in clockwise 
(CW) direction, and in other set in counterclockwise (CCW) 
direction (Fig. 2). Influence of Ed parameter is dominant in 
straight parts of the paths, while the influence of Eb parameter 
becomes dominant at path turns. Using bidirectional test, the 
influence of Ed and Eb parameters can be separated from each 
other, because when robot moves on path in one direction 

influence of these parameters adds up, while for other 
direction their influence cancel each other. The robot starts 
movement in one direction from the Start point (x0, y0 and θ0). 
The robot is programmed to move on four line segments of 
length L, and at end of the each segment, the robot stops and 
turns for 90º. Such movement would in ideal case return robot 
in starting point Start, but due the influence of systematic and 
nonsystematic errors robot will finish its movement in some 
other point marked Stop with position (x1, y1 and θ1). 
Difference between start and final position represents 
odometry error as shown by Eq. (5): 

.; 1010 yyyxxx      (5) 

Due influence of systematic errors, end points in which 
robots finishes its movements will be grouped into sets 
centered around points CW(xcg(cw), ycg(cw)) and CCW(xcg(ccw), 
ycg(ccw)). Coordinates of these center points will be used in 
order to correct the influence of systematic errors in odometry 
model. When turning, robot will make turning error for angle 
α, due uncertainty of effective distance between ICR points of 
rotation. When moving in the straight line robot will diverge 
in one direction for angle β, because of unequal circumference 
of drive tracks. The value of these two angles α and β is 
calculated using Eq. (6) and Eq. (7) [16]: 
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 The ratio of the unequal circumference of drive tracks, 
represented by Ed parameter is acquired by Eq. (8): 
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The uncertainty of effective distance between ICR points of 
rotation can be corrected using Eb ratio calculated by Eq. (9): 
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Fig. 2. Robot movement in bidirectional test on quadratic path



462 

III. EXPERIMENTAL RESULTS 

Lego Mindstorms EV3 Home Edition [17] is set of 
components which are used for assembly of various types of 
mobile robots. EV3RSTORM is one of these robot models, 
which has differential track drive. The maximum speed of 
movement is around 300 mm/s with movement resolution of 
0.3 mm per degree of rotation of drive motors. Track width is 
20 mm while length of track in contact with the ground is 110 
mm with the central distance between tracks of 128 mm.  

In order to make full turn of 360° around its vertical axis, 
robot tracks need to travel 402 mm in opposite directions, 
based on distance between center of tracks (b=128 mm) 
Measurement results presented in Table I show that measured 
turning angle is much smaller than expected turning angle due 
track slippage with average value is 239.9º. Based on the 
measured angle of rotation we determined turning efficiency 
of   χ = 0.667 which is further used to calculate the effective 
distance between ICR points of rotation of 192 mm later used 
in odometry model. 

 
TABLE I 

MEASURED TURNING ANGLES OF MOBILE ROBOT 

No Meas. Measured turning angle θm [°] 
1 240 
2 238 
3 247 
4 239 
5 235 
6 241 
7 237 
8 243 
9 240 

10 239 
Average 239.9 

Robot is programmed to move on the quadratic path and ten 
bidirectional tests are conducted for both directions and 
results of odometry errors are presented in Table II and Fig. 3. 

 
TABLE II 

ODOMETRY ERRORS IN BIDIRECTIONAL TEST PRIOR CORRECTION 

No. 
Meas. 

CCW CW 
εxccw(mm) εyccw(mm) εxcw(mm) εycw(mm) 

1 -148 41 -268 -274 
2 -300 120 -266 -205 
3 -300 134 -128 -84 
4 -280 180 -268 -342 
5 -249 108 -122 -58 
6 -242 118 -115 -156 
7 -105 55 -112 -96 
8 -122 65 -218 -274 
9 -108 26 -105 -109 

10 -100 40 -234 -237 
Average -195.4 88.7 -183.6 -183.5 

Results of experiments carried both in CW and CCW 
directions represent odometry errors grouped around centers 
of gravity for each test direction. Absolute odometry error 
represents the furthest distance of center of gravity of CW or 
CCW cluster and is equal to 259.6 mm prior correction.  

6.259),max( )()()max(  cwcgcwcgsys rre mm.       (10) 

Based on coordinates for the centers of CW and CCW 
cluster, correction angles α and β are determined which are 
used to correct the influence of systematic errors in odometry 
model. 
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Based on determined values of α and β angles, values of 
correction parameters Ed and Eb are also determined: 
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The value of Ed parameter is very close to one and 
influence could be ignored. Using Eb parameter effective 
distance between ICR points of rotation is corrected to 204.3 
mm. Bidirectional test was repeated with corrected parameters 
and results are presented in Table III and Fig. 4.   

Absolute odometry error after correction of 25.3 mm 
represents the substantial increase of odometry position 
accuracy, which justifies the usage of this method for 
systematic error correction in practice.  

3.25),max( )()()max(  cwcgcwcgsys rre mm.       (15) 

 

 

Fig. 3. Odometry errors in bidirectional test prior correction 
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Fig. 4. Odometry errors in bidirectional test after correction 

TABLE III 
ODOMETRY ERRORS IN BIDIRECTIONAL TEST AFTER CORRECTION 

No. 
Meas. 

CCW CW 
εxccw(mm) εyccw(mm) εxcw(mm) εycw(mm) 

1 -50 0 -62 -64 
2 -18 0 -50 -80 
3 -100 40 -31 -82 
4 -72 0 -35 -67 
5 25 40 -18 40 
6 15 -30 -27 55 
7 -40 -35 31 23 
8 -20 -20 45 37 
9 45 18 35 -42 

10 25 -36 19 -55 
Average -19 -2.3 -9.3 -23.5 

CONCLUSION 

This paper presents the realization of odometry model for 
tracked robots, which makes it easy to determine the current 
position of the robot in space. Developed odometry model is 
implemented in the form of a program block for Lego 
Mindstorms EV3 mobile robot. Correction of systematic 
errors in odometry model has been performed, based on the 
carried experiments. Systematic errors are primarily caused 
due to the uncertainty of the effective distance between the 
ICR points of rotation, which is corrected to the value of 
204.3 mm. Adjusted odometry model showed the significant 
increase in the accuracy of determining the position of a 
mobile robot in space. Realized movement model can be 
successfully used for autonomous navigation of robots in a 
familiar or an unfamiliar environment, such as: precision 
agriculture, search and rescue missions in emergency 
situations and manipulation in hazardous industrial areas. 
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