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SIMULATION OF THE SOLAR SYSTEM

Abstract. The article offers calculations and visualization of trajectories of solar system planets done by using
the MATLAB software. It contains materials such as Kepler's laws, orbital parameters of planets, formulation of the
problem, listings of programs, the model of the solar system and the trajectory of the planet Mars motion in a
heliocentric frame of reference during the observation time of one year and ten years. The submitted drawing of the
solar system model shows that all planets move along an ellipse, in one of the foci of which there is the Sun as the
center of gravity.

From the presented trajectory of Mars in Copernican heliocentric system it is seen that one year observation
reveals practically no retrograde motion of the planet but ten years observation makes such motion noticeable.
Usually planets move in the sky in a forward direction from the West to the East. Near the opposition the planet
changes the direction of its motion and moves in inverse direction from the East to the West, i.e. Mars is in a
retrograde (backward) motion. The retrograde motion of Mars with respect to Earth is explained on the base of
heliocentric model of the solar system.

Results of this article are used on the practical classes on theoretical mechanics and on the laboratory classes on
the discipline "Modeling the physical phenomena".

Key words: solar system, Kepler, trajectory, ellipse, retrograde (backward) motion.

Nowadays all educational institutions of Kazakhstan are provided with computer hardware and
software, interactive boards and internet. Almost all teachers have completed language and computer
courses for professional development. Hence the educational institutions have all conditions for using
computer training programs and models for performing computer laboratory works. In recent years the
new computer system of carrying out mathematical calculations MATLAB is being widely used in many
universities and engineering institutions throughout the world [1-7]. Unfortunately, the numerical calcu-
lations carried out by students are often done by means of the calculator. Modern computers are frequently
used only for presentation of the work. Actually students should be able not only to solve these or other
engineering problems, but also do it by using modern methods, that is, using personal computers.

Students of the physics specialties SB060400 and 5B011000 successfully master the discipline
“Computer modeling of physical phenomena” which is the logical continuation of the disciplines
“Information technologies in teaching physics™ and “Use of electronic textbooks in teaching physics™. The
aim of this discipline is to study and learn the program language of the MATLAB system, acquaintance
with its huge opportunities for modeling and visualization of physical processes.

In our early works [8-23] we used the MATLAB system for modeling and visualization of physical
processes related with mechanics, molecular physics, electromagnetism and quantum physics. This
software has enabled us to solve ordinary differential equations (ODE), visualize equipotential lines of
charged conductors system, describe the motion of charged particles in electric, magnetic and gravitational
fields and etc.
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The present article is devoted to calculation and visualization of trajectories of solar system planets,
the motion path of Mars in the heliocentric system of reference by using the package of MATLAB applied

programs.

Formulation of the problem. The heliocentric model of the solar system based on the idea that the
Earth and planets move around the Sun was presented by the Polish astronomer Nicolas Copernicus in his
book “About Rotation of Celestial Spheres™ in 1543. Before him the ideas about heliocentric system were
found in the works of a number of the Greek, Arab and Indian scientists. Johannes Kepler in his work
“New astronomy” written in 1609 formulated the laws of motion of planets, defined the shape of their
orbits and established mathematical relationship between their geometrical parameters and periods of their

motion.
Orbital parameters of planets

_ Semimajor | g, e Iﬂc]maﬁal:ml Revolution | Axis Orbital
- Name : ey to the ecliptic '

axis period tilt speed

[aul] [degrees] [days] degrees] [km's]
Mercury 0.38709831 0.205631752 7004986389 8796843362 0.00 47.87
Venus 072332982 0.006771882 339466194 224 6954354 177 36 35.02
Earth 1000001018 0.016708617 0] 36524218985 23.45 29.79
Mar 1.523679342 0.09340062 1. 849726389| 68692970957 2519 2413
Jupiter 5.202603191 0048494851 1.303269722 4330595765 3.13 13.06
Saturn 9 554909596 0.055508622 2 4BEETE056| 1074694044 2533 9.66
7 — 19.21844606 0.046295899 0.77319611| 30588.74035| 97.86 6.8
[Neptune 30.110386E7 0.00ESEE095 1. 7699522 59799 90046 28.31 3.4
Pluto 39.5181762 0.245938782 17.12259917 20738995 122.52 4.74

The laws of motion of planets were obtained as a result of a large number of precise astronomical

observations. Let's consider three laws of Kepler:
1. The orbits of the planets are elliptical with the Sun at one focus of the ellipse.
2. The radius vector of each planet sweeps out equal areas in equal time.

3. The ratio of the square of each planet’s sidereal period to the cube of the semimajor axis of its orbit

is a constant for all the planets.

Here is the listing of the program:

>> Planet= zeros(9.3);

>> % Semimajor axis (a.u.) Eccentricity; Revolution period (days)

>> Planet(1,:)=[0.38709831; 0.205631752; 87.96843362]; % Mercury
>> Planet(2,:)=[0.72332982; 0.006771882; 224.6954354]; % Venus
>> Planet(3,:)=[1.000001018; 0.016708617; 365.24218985]; % Earth
>> Planet(4,:)=[1.523679342; 0.09340062; 686.92970957]; % Mars

>> Planet(5,:)=[5.202603191; 0.048494851; 4330.595765]; % Jupiter
>> Planet(6,:)=[9.554909596; 0.055508622; 10746.94044]; % Saturn
>> Planet(7,:)=[19.21844606; 0.046295899; 30588.74035]; % Uranus
>> Planet(8,:)=[30.11038687; 0.008988095; 59799.90046]; % Neptune
>> Planet(9,:)=[39.5181762; 0.245938782; 90738.995]; % Pluto
>>Cg={m’, v, 'g’", 'r,’k'};

>> % drawing the orbits of planets

>> figure('Color',[1 1 1]);

>> ksi=linspace(0,2*pi,500);

>>hold on;

>> plot(0,0,'0k");

>> for iCurP=1:9

>> a=Planet(iCurP,1);
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>> e=Planet(iCurP,2);

>> T=Planet(iCurP,3);

>> t=(0.5*T/pi)*(ksi-¢. *sin(ksi));

>> x=a.*(cos(ksi)-¢);

>> y=a*sqrt(1-¢"2).*sin(ksi);

>> plot(x.y);

>> Yoplot(x,y,Cg{iCurP-4});

>> Yopause(2)

>>end

The result is presented in the figure 1.

Figure 1 presents the model of the solar system. The diagrams show that each planet moves along the
ellipse with the Sun at one focus of the ellipse. The Sun is the center of gravity and any such model is
always developed with violation of the scale.
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Figure 1 — Trajectories of motion of solar system planets

Calculation and visualization of Mars trajectory in the heliocentric system. Since the ancient
times the astronomy tried to solve the mystery of retrograde motions of planets. Such motions are
especially noticeable for outer planets. Usually planets move in the sky in a forward direction from the
West to the East. Near the opposition the planet changes the direction of its motion and moves in inverse
direction from the East to the West. The retrograde motion of the Mars is shown in figure 2.

Figure 2 — The retrograde motion of the Mars

Let us draw the trajectory of the Mars in the geocentric reference system being at the same time
within a heliocentric system. In other words we will answer the question: what will be the path of the Mars
in the sky for the observer on the Earth? The position vectors describing the motion of the Earth and Mars
in the heliocentric system and the position vector describing the motion of the Mars in the geocentric
system are connected by a simple relationship:
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Vsp T Vv = Tsu
The abbreviation in the subscript SE means the Sun and Earth, EM means for the Earth and Mars, SM

means for the Sun and Mars. Knowing the position of planets at the same time, it is possible to define the
position vector of Mars in the geocentric reference system:

Veve = Tsvr — e

The listing of the program is:

>> R1=1.496*10"8;% input the radius of the Earth’s orbit

>> T1=365.24; % input the period of the Earth revolution round the Sun in days

>> Am=2.28*10"8; % input the radius of Mars’s orbit

>> Tm=689.98; % input the period of Mars revolution round the Sun in days

>> E=0.093; % eccentricity of Mars’s orbit

>> Np=1000; % number of points for one revolution of Mars round the Sun

>> K=9; % number of revolutions of Mars round the Sun

>> dski=(2*pi1)/Np*K; % calculation of the step Ae of the variable parameter €

>> ksi=0:dski:2*pi; % calculation of values of vector coordinates €;, % calculation of values of
coordinates T; = r(¢€;)

>> T=Tm/(2*pi)*(ksi-E*sin(ksi)); % calculation of instantancous values of the % Mars’s radius-
vector Ox component

>> Xm=Am*((1-E.*2).70.5)*sin(ksi); % calculation of instantaneous values of % the Earth’s radius-
vector Ox component

>> Xz=R1*cos(2*pi*T/T1); % calculation of instantancous values of the Earth’s % radius-vector Oy
component

>> Yz=R1*sin(2*pi*T/T1); calculation of instantancous values of Mars’s % radius-vector Oy
component in the reference system connected with the Earth.

>> Xotn=Xm-Xz; % calculation of instantancous values of the distance between % the Earth and
Mars

>> Ym=Am*((1-E.*2).70.5)*sin(ks1);

>> Xm=Am*(cos(ksi)-E);

>> Xotn=Xm-Xz;

>>Yotn=Ym-Yz

>> plot(Xotn,Yotn,...% the orbit of Mars

>>'k',...% the initial position of Mars 'MarkerEdgeColor','b','MarkerFaceColor','g','MarkerSize',5);

The result is presented in the figure 3.

x 10°

Figure 3 — The trajectory of the Mars (observation time is one year)
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During one year observation the retrograde motion of Mars is imperceptible therefore for obtaining
this retrograde motion we will increase the observation time up to 10 years.

The listing of the program is:

>>R1=1.496%10"8;

>>T1=365.24,

>> Am=2.28*10"8;

>> Tm=689.98;

>>E=0.093;

>> Np=10000;

>>K=9;

dski=(2*pi)/Np*K;

ksi=0:dski:2*pi;

T=10*Tm/(2*p1)*(ksi-E*sin(ksi1));

Xm=Am*((1-E.*2).70.5)*sin(ksi);

Xz=R1*cos(2*pi*T/T1);

Yz=R1*sin(2*pi*T/T1),

Xotn=Xm-Xz;

Ym=Am*((1-E."2).70.5)*sin(ksi);

Xm=Am*(cos(ksi)-E);

Xotn=Xm-Xz;

Yotn=Ym-Yz

plot(Xotn,Yotn,...% the orbit of Mars

k',...% the initial position of Mars

'MarkerEdgeColor','b','MarkerFaceColor','g','MarkerSize',5);

>>Np=10000;

>>K=9;

dski=(2*pi)/Np*K;

ksi=0:dski:2*pi;

T=10*Tm/(2*p1)* (ksi-E*sin(ksi1));

Xm=Am*((1-E.*2).70.5)*sin(ksi);

Xz=R1*cos(2*pi*T/T1);

Yz=R1*sin(2*pi*T/T1),

Xotn=Xm-Xz;

Ym=Am*((1-E."2).”0.5)*sin(ksi);

Xm=Am*(cos(ksi)-E);

Xotn=Xm-Xz;

Yotn=Ym-Yz

plot(Xotn,Yotn,...% the orbit of Mars

k',...% the initial position of Mars

'MarkerEdgeColor','b','MarkerFaceColor','g','MarkerSize',5);

The result is presented in the fig 4.

The figure presents the motion of the planet in the sky in the forward direction from west to east and
then near the opposition the planet changes the direction of its motion for inverse and moves from east to
west (the retrograde motion), i.e. Mars moves along a loop made near the opposition.

Conclusion. Calculations and visualization of trajectories of solar system planets are presented using
the MATLAB software. The materials such as Kepler's laws, orbital parameters of planets are applied for
simulation the solar system and the trajectory of Mars motion in a heliocentric frame of reference during
the observation time of one year and ten years. The submitted drawing of the solar system model shows
that all planets move along an ellipse, in one of the foci of which there is the Sun as the center of gravity.
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Figure 4 — The trajectory of the Mars (observation time is ten years)

From the presented trajectory of Mars in Copernican heliocentric system it is seen that one year
observation reveals practically no retrograde motion of the planet but ten years observation makes such
motion noticeable. Usually planets move in the sky in a forward direction from west to cast. Near the
opposition the planet changes the direction of its motion and moves in inverse direction from east to west,
1.¢. Mars is in a retrograde (backward) motion. The retrograde motion of Mars with respect to Earth is
explained on the base of heliocentric model of the solar system.

Results of this article are used on the practical classes on theoretical mechanics and on the laboratory
classes on the discipline "Modeling the physical phenomena".

K. A. Kaénii6exor', X. K. A6apaxmanosa?, A. JI. TacuGexon’, C. A. Pamazanosa’, b. C. Yaimxanosa®

M. Oyesos areiHaarsl OHTyCTiK Kazakcran memekerTik yaHuBepcuTeTi, [lIsmkenT, Kazaxcran,
2OHTYCTiK KazakcraH MEMIICKETTIK IeIaroruKamsIK yHuBepcuteTi, LbmvkenT, Kazaxcran

KYH KYHECIHIH MOJEJIH KYPY

Annoramus. KyH xylieciHiH miaHeTanapeiHbH Ko3FanbichiH MATLAB GarmapiaMansik OpTachlHIA €CEITEY
MeH OcHHeNey YChIHbLIAAbL. Kermrep 3aHmapsl, IIaHeTanapAblH OPOUTANbBIK MapaMeTpiepi, ECeNTiH mapTTapsl, Oar-
JAPIAMAHBIH KOATAPBI, KYH JKYHCCIHIH MOICT k0HC Mapc IIAHCTACHIHBIH TCIHOUCHTPIIK CAaHAK JKyHCCIHACTI
4 xbut xoHe 10 skpIT OaKpUIAY KE3IHIETI KO3FAIBIC TPACTOPHSLIAPHI KedTipiareH. KenripumreH cyperrepacH KyH
JKYHCCIHIH MOICTIH OaHKaHMBI3-0apIibIK mtaHeTamap Oip (oxychHAa TapTy ueHTPi-KyH opHACKaH 3mmanc 0oifbrHaa
KO3FaJIabIHBIH OAWKANMBbI3.

MapcThIH KO3FAFaH TPACKTOPBICHIHBIH | SKBUIABIFBIHIA OHBIH KepPi KOFANBICH OaHKAIMAHABI, all OHBIH Kepi
KOFaIIBICHI YAKbITTHI 10 'KbLTFA ACHIH y3apTKaHAa OaKagaapl. ONETTe IUIAHETA aclaHaa OaThICTAaH IIBIFBICKA Kapan
TIKETEH KO3Fambl. A KapchUIaC TYCKA >KAKBIH KCPAC OJI KOFANBIC OAFBITHIH KEPI ©3TCPTINl IIBIHBICTAH OATHICKA
Kapail KO3Famaipl, SFHH Kepi KOBFANBIC jkacaiiapl. MapCThIH OCBIHOAH KEpl KO3FAIbICBIH KYH JKyHeciHiH Moaemi
OolibIHIIA TYCIHIIPLTEH].

MaxanaHbelH HOTHIKEICPl TCOPUSUIBIK MEXAHUKAHBIH, IPAKTHKANBIK Ca0aFbIHAA KoHE «DU3HKAIBIK KyObLIBIC-
TapAbl MOJIENICY» MOHIHIH 3€PTXAHAIBIK CA0AKTAPhIHAA KOJITAHBLIAIBL.

Tyiiin ce3aep: KyH xyiieci, Kemnep, TpackTopus, 37UTHIIC, KSPi KOSFAITBIC.

K. A. KaéniiGexor', X. K. A6apaxmanosa’, A. JI. TacuGexon’, C. A. Pamazanosa’, b. C. Yaimxanosa®

"TOxm0-KasaxcTaHCKHit TOCY TAPCTBEHHBIH yHHBEPCHTET HM. M. Ay3308a, IlIsvkenT, Kazaxcran,
*FOsxH0-Ka3axcTaHCKuit TOCY JapCTBEHHbIH e Iaroruyeckuit yansepcuteT Ilbvkent, Kazaxcran

MOJEJAPOBAHUE COJTHEYHOMN CHUCTEMBI

Annortamus. IlpennaraeTes pacueTsl M BH3YAIM3ALH TPACKTOPUI JBIKCHHS IUIAHET COJIHCUHOH CHCTEMBI B
nporpammuoi cpene MATLAB. Ipusomsarcst 3akonb! Kemepa, opouransHble TapaMeTpsI IIIAHET, TIOCTAHOBKA 3a-
JIAYH, JTACTUHTH MPOTPAMM, MOJCIb COJHEYHONH CHCTEMBI M TPACKTOPHS ABIKCHHS IUIAHETHI Mapc B TeIHOLECHTPH-
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YCCKOH CHCTEME OTCUeTa 3a BpeMsa Ha0moacHu 1 rox u 10 met. Y3 mpeAaCcTaBACHHOTO PHCYHKA — MOJICTH COTHCUHON
CHCTEMBI BHIHO, YTO BCE IUIAHETHI JBIKYTCS BAOJND 3JUIMIICA, B OTHOM U3 (okyce koToporo Haxoaurcsa ComHue —
LUCHTP NPUTLKCHUA.

W3 mpeacraBncHHON TpackTopuu Mapca B TCTHOICHTPHICCOH CHCTEME 3a BpeMs HAOMoacHHuS 1 To1 HezaMeT-
HO IMOIITHOC ABHKCHHUC IIJTAHCTHI H IIPH YBCIIMICHUHA BPCMCHHA Ha6J'lIOZ[eHI/I$I a0 10 meT Takoe JABHKCHHUC CTAHOBHTCS
3aMeTHBIM. OOBIMHO IUTAHETHI JBIKYTCS IO HEOOCKIOHY B NPSIMOM HANPABICHHWH C 3allaja HA BOCTOK. BOmm3m
TIPOTHBOCTOSHYS IUIAHETA MCHACT HAIIPABJICHHC JBIDKCHHS HA OOPAaTHOE W JBWXKETCA C BOCTOKA HA 3amas, T.€. Ha-
OmogacTcsa MOMATHOS (BO3BpaTHOE) ABMKeHHE Mapca. [TomarHoe mpmxenne Mapca Ha HEO0OCBOAC 3¢MIM HAXOIUT
CBOC OOBSICHCHHE B PAMKAX TCIHOLCHTPHYICCKON MO/ICIIH COTHEUHOM CHCTEMBL.

Pe?)y.]'l])TaTBI Z[aHHOfI CTAaThHU HUCHOJIB3YKOTCA HA NMPAKTHYCCKUX 3AHATHAX II0 TeopeTI/mecxoﬁ MCXAHHKC H Ha
TabOPATOPHBIX 3AHATHAX MO JUCHUILTHHE «MoaemupoBaHne (PU3MUECKUX SIBICHHI.

Kimouessie ciioBa: Conaevnas cucrema, Kemep, TpaekTopus, 3JIIHIIC, HOMATHOE IBIKCHHC.
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