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Abstract 

Hohmann Transfer is an energy efficient orbit that transfers a spacecraft from Earth to 
Mars. This work will focus on simulating the Hohmann Transfer to design trajectories 
for spacecraft traveling from Earth to Mars under certain assumptions. Firstly, this paper 
rebuilds the standard Hohmann Transfer model and discuss the influences of certain 
planets on the orbit. Then, applying the Runge-Kutta integration method, this work 
simulates and calculates the changes in velocity and orbit deviation of a spacecraft while 
different influences are considered. Thirdly, this paper will revisit the mission of Mars 
probe Curiosity on November 26, 2011. Finally, by simulating different transfer orbits at 
different arrival times, this paper numerically solves Lambert’s problem and discusses 
trade-offs between total cost and travel time of the probe. This work concludes that the 
gravitational attraction of Jupiter and Saturn are negligible, then presents a method to 
obtain the magnitudes of velocity changes a spacecraft needs to undertake in order to 
travel to Mars by Hohmann Transfer, and finally shows the trade-off between total cost 
and travel time in a table of values. The result of this research can be referenced to design 
trajectories from Earth to Mars. 
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1. Introduction 

When the problem comes to traveling between planets in the solar system, it is often necessary to 

consider the spacecraft’s energy expense. The consumption of propellants depends mostly on the 

trajectories designed for the mission, so the transfer orbits that need minimal propellants are of great 

importance. 

Hohmann transfer[1] achieves this goal with its simple operation and low energy costs. The Hohmann 

transfer is an elliptical orbit tangent to two coplanar circular orbits at the apogee and perigee (the 

locations on the orbit that are the closest and the farthest from the Sun). Figure 1 illustrates how a 

spacecraft can travel to Mars from Earth using Hohmann transfer. In the commencement of launch, 

the spacecraft will revolve around the Sun while revolving around the Earth in a circular orbit due to 
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the gravitational attraction exerted by the Sun and the Earth. For the spacecraft to leave the Earth’s 

circular orbit into the elliptical transfer track, it needs to initiate the first acceleration to gain enough 

energy and leave the original orbit. The arrival of the spacecraft occurs when Mars and the spacecraft 

encounter in the aphelion of the Hohmann orbit. Here, the spacecraft initiates the second acceleration 

to circularize the orbit around Mars, or the spacecraft will fall back and travel to Earth afterward.[2,3] 

 

 

Figure 1. An illustration for Mars-Earth Hohmann Transfer Orbit. 

 

Rockets have to wait for a particular alignment between the Earth and Mars—an alignment in which 

the starting and ending points of the trajectory are positioned right next to the planets’ location at 

launch time and arrival time, respectively.[4] Therefore, the date of a mission and the orbit should be 

determined carefully and accurately. 

In an idea model of Hohmann transfer orbit, only gravities arising from Sun, Earth and Mars are 

dominated factors. But it is worth for examining the gravitational influence for giant planets on the 

Earth-Mar orbit.[5] This works include Jupiter and Saturn in the analysis and simulation of Hohmann 

transfer orbit. Extreme cases yield significant deviation, in the terminal position with distance of 0.04 

AU, from the ideal orbit. Thus, the gravitational effects from giant planets are actually considerable. 

Furthermore, this paper carefully revisit the balance between travelling time and fuel consumption 

for Earth-Mar travel by numerically solving general Lambert’s problem. A case study of Curiosity[6] 

is presented in this work. 

2. Materials and Methods 

2.1 Standard Hohmann transfer model 

Following the scheme of Figure 1, this paper analyzes the accelerations required for the Hohmann 

transfer and the total traveling time from the source planet to the target planet. 
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This paper assumes:  

Earth’s and Mars’s orbits are coplanar and circular. 

The Sun does not experience any force. 

Earth, Mars, and the satellite are only affected by the force of attraction from the Sun. 

Here are our calculations based on conservation of angular momentum and energy[7]: 

(Abbreviate perihelion to p and aphelion to a) 

The conservation of angular momentum gives us: 

1 2p aL mv r mv r= =
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Combine the equations listed above, and this paper gets: 
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Thus, pv
 is given by: 

𝑣𝑝 = √2𝐺𝑀𝑠𝑢𝑛(
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) 

The Earth’s and Mar’s initial orbit velocities are given by: 
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This paper has: 

𝑣p = 𝑣1 + 𝛥𝑣1 

𝑣a = 𝑣2 + 𝛥𝑣2 

Thus, 𝛥𝑣1 and 𝛥𝑣2 are given by: 
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In this case, 𝑟1 is the mean distance between the Earth and the Sun (1Au) plus the height of Low 

Earth Orbit (0.0000133692Au), and 𝑟2 is Mars’ semi-major axis(1.52366Au). 

Therefore, this paper gets: 

𝛥𝑣1 = 2.844 𝑘𝑚/𝑠 

𝛥𝑣2 = 2.544 𝑘𝑚/𝑠 

Furthermore, according to the conservation of angular momentum, the time needed to travel from 

Earth to Mars using Hohmann Transfer can be calculated by:  

(2𝑇)2 = (
4𝜋2

𝐺𝑀
) 𝑟3 

Thus, 

𝑇 ≈ 0.71years 

Additionally, the spacecraft following a standard Hohmann transfer orbit will initiate from the 

position of the Earth at the time of launch to the position of Mars at the time of arrival only when the 

Earth and Mars are in a particular alignment. This condition is crucial, so only the mission within the 

‘launch window’ time can seize the opportunity to travel in Hohmann orbit. To find when to launch 

the spaceship, this work needs to find the angle between Earth and Mars.  

 

 

Figure 2. An illustration of the angle between Mars and Earth at launch time. 

 

The calculation shows:  

𝑇

𝑃𝑚𝑎𝑟𝑠
=

180 − 𝜃

360
 

Thus, the angle between Earth and Mars when the rocket should be launched is given by:  

𝜃 = 44° 
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2.2 Hohmann transfer model including Earth’s and Mars’s gravitational effect 

For the standard Hohmann Transfer, this paper simulates the interaction between Mars, Earth, the 

Sun, and the satellite. Assuming:  

Mars and Earth are moving in circular orbits around the Sun. 

The force between Mars and Earth is negligible.  

The Sun remains stationary. 

The forces the satellite exerts on the Earth and Mars are negligible. 

This paper choose (-0.60635, -0.778891) and (0.817265, -1.4143) as initial coordinates of the Earth 

and Mars, reflecting the position of Each and Mars on 2011 Nov. 26th, the date when NASA launched 

Curiosity. 

When the acceleration due to Earth or Mars is smaller than 0.01 times the acceleration due to the Sun, 

this paper ignores the acceleration due to Earth or Mars. 

By assuming the satellite starts from 2.0E05km above Earth’s surface, this work tries different 

changes in velocities until reaching one that brings the satellite close to Mars. Then this work changes 

the velocity of the satellite again, so it revolves around Mars. While experimentally finding these 

velocities, this paper also tracks the time the satellite takes to reach Mars. 

2.3 Hohmann transfer model including other planets’ gravitational effect 

The standard Hohmann transfer model is a simple two-body problem, where only the gravity of the 

Sun is included. In reality, engineers have to consider multiple minor factors when designing a 

spacecraft’s operational control. Only when these factors are considered with precision will the design 

and execution of launch be accurate. One such factor comes from the gravitational attraction of other 

planets in the solar system. Gravitational interactions between planets are always present in the solar 

system, the prominence of which depends on the attractors’ masses and their relative distances. 

Although the Sun consists of 99.8% of the total mass in the system, engineers cannot, in some 

circumstances, ignore the gravitational attraction of Jupiter, Saturn (the most massive planets in the 

solar system), Mars, and Earth (the closest planets to the Mars-Earth transfer orbit). The gravity 

perturbation from planets is complicated, and one needs information about the exact orbital 

parameters and ephemeris of planets to simulate it. This work makes one additional assumption for 

the sake of simplicity: While these planets do affect the satellite’s orbit, Jupiter, Saturn, Earth, and 

Mars are stationary during the travel. 

Typically, the duration of the Earth-Mars Hohmann transfer is around nine months, during which the 

motion of outer planets like Jupiter and Saturn may be neglected because of their large orbital radii. 

Mars and Earth, on the other hand, have a significant displacement in nine months. However, their 

spheres of influence, defined as the area around a planet where the gravitational attraction of that 

planet is significant, are tiny enough to be neglected. The sphere of influence is 0.01AU for Earth and 

even smaller for Mars. Therefore, whether or not the Earth and Mars are moving through time, the 

time in which the trajectory of the spacecraft passes through the spheres of influence is trivial, so this 

paper will assume for now that Earth and Mars are stationary as well. 

 

Table 1. Parameters of the Planets in Simulation 

Planet Coordinate / AU Mass / MSun 

Earth (1.00, 0) 3.00x10-6 

Mars (-1.52, 0) 3.23x10-7 

Jupiter (-5.20, 0) 9.56x10-4 

Saturn (-9.54, 0) 2.85x10-4 

 

Next, this work considers the coordinates of these four planets. Mars and Earth are located at the 

aphelion and perihelion of Hohmann transfer orbit, respectively. To highlight the difference brought 
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by giant planets, this paper assumes Jupiter and Saturn are on the same side of Mars with respect to 

the satellite. Therefore, the forces exerted by these three planets attract the spacecraft towards them. 

Thus, the combination of their gravitational effects will be maximized. This paper lists the coordinates 

and the masses concerning the Sun of these four planets in Table 1. 

This paper now proceeds to simulate the Hohmann transfer orbits under the influence of different 

planets with Python package Poliastro. Poliastro is a Python package was exploited to solve problems 

relating to Astrodynamics and Orbital Mechanics, focusing on interplanetary travel. The Lambert’s 

problem, for instance, can be solved by plotting orbits and simulating conversion of position and 

velocity of the spacecraft with Poliatsro. It is an open source released under the MIT license.  

This paper uses the Runge-Kutta integration method to determine the orbits. The initial velocities at 

the time of launch are set to be the same for these simulations. 

2.4 Spheres of Influence 

Then, this work simulates the trajectories in the Sphere of Influence (SOI, orbit with a radius of 

~979000km) of the Earth.[7] This paper assumes the spacecraft is launched at 7000km above the 

Earth's surface, and compare the results to those of the standard Hohmann transfer orbit. In this 

simulation, the launch foot-point is the same as that of the standard model. However, the initial 

velocity has to change because, under the influence of planets in the solar system, the orbit with the 

same initial velocity cannot reach Martian orbit. Since the potential energy is conventionally negative, 

the involvement of more gravity wells will lower the total orbit energy. Therefore, to get the 

spacecraft to Mars, the initial velocity at launch time should be enlarged to increase the total energy. 

This paper increases the launch velocity by a factor of 1.029 (calculated using Poliastro). 

Next, this work simulates the SOI of Mars. The spacecraft influenced by planets has an additional 

velocity component in the x-direction due to the gravitational attraction of Saturn, Jupiter, and Mars. 

At arrival point, the spacecraft needs to speed up again to keep up with Mars revolving around the 

Sun and gain an additional velocity to enter the circular near-Mars orbit. The final impulse, combined 

with the first acceleration, constitutes the total energy of the Earth-Mars transfer.  

2.5 Lambert’s problem and optimization of trajectory 

In celestial mechanics, Lambert’s problem is often examined by engineers and scientists when they 

proceed to determine the orbit based on the two position vectors and the travel time in between. 

Hohmann transfer is a particular case of Lambert’s problem. An illustration of Lambert’s problem is 

given in Figure 3. As the travel time is a free parameter in this problem, one can solve the right 

transfer orbit given any travel time. 

 

 

Figure 3. An illustration of Lambert’s problem. Once travel time and the position vectors of 

beginning and destination point are given, the transfer orbit between two points can be obtained 
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To prove that the Hohmann transfer orbit is the most fuel-efficient trajectory for spacecraft traveling 

from Earth to Mars, this paper solves Lambert’s problem, and to determine the trade-off between fuel 

and time consumption, this paper revisits the mission of Mars probe Curiosity. This work calculates 

different impulse velocities for spacecraft following different orbits with different arrival time with 

Poliastro. 

3. Results and Discussions 

3.1 Hohmann transfer model including Earth’s and Mars’s gravitational effect  

After imputing multiple changes in velocity, this paper finally reaches the following results: 

1

2

4.223 /

0.895

11446

4.122 /

v km s

t years

h km

v km s

 =

=

=

 =
 

Where Δv1 is change in velocity as the satellite leaves Earth’s orbit, t is the time elapsed to get to 

Mars, and h is the final distance between the satellite and Mars’s surface. 

 

Figure 4. Orbit simulation for standard Hohmann transfer. Blue is the path of Earth, green is 

trajectory of satellite, and red is path of Mars. 

 

Figure 5. Orbit of satellite around Mars. Green is path of satellite, and red is path of Mars. 
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3.2 Hohmann transfer model including other planets’ gravitational effect 

This paper compares the standard Hohman transfer orbit and the Hohmann Transfer orbit influenced 

by Jupiter, Saturn, Earth, and Mars. In our calculation, the total velocity change is 5.39 km/s in the 

standard Hohmann transfer model and 6.13 km/s in the model that includes planets’ gravity), 

respectively. Both orbits are shown in Figure 6. 

 

Figure 6. Orbit simulation for standard Hohmann transfer (orange dotted-dashed line) and planet-

influenced Hohmann transfer (blue dashed line) 

 

 

Figure 7. Velocity comparison & offset between two models through elapsed time 
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Figure 6 shows that the difference between the two orbits is minimal. When taking account of the 

four planets, the semi-major axis of the orbit is slightly smaller than that of the standard model, which 

is an expected outcome. While in the standard model, the spacecraft is moving in the potential well 

of Sun, potential wells of the planets are also considered in the realistic model. Therefore, the total 

energy of the orbit in the planet-influenced model is smaller, and so is the semi-major axis of that 

model. 

It is also of great interest to compare the travel time and velocity of spacecraft in these two cases. In 

the left panel of Figure 7, this work only plots the data points that have positive y value, which makes 

up the valid route for a half-elliptical Hohmann transfer. From the tails of these two curves, this paper 

discovers that when the gravitational attractions of the planets are taken into account, the spacecraft’s 

arrival time is ~5 days earlier than that derived from the standard Hohmann transfer model. This 

difference is due to the gravitational acceleration from Jupiter, Saturn, and Mars. The right panel of 

Figure 7 displays the velocity difference between these two cases.  

At the beginning of the launch, the spacecraft is leaving the Earth. Due to the pull of Earth’s gravity, 

the spacecraft decelerates, which means that the spacecraft unaffected by the Earth moves faster. 

Soon after the slower spacecraft leaves the Earth’s sphere of influence, it catches up with the faster 

one and continues to speed up. Around nine months after the launch, the spacecraft is ~200 m/s faster 

than the standard model. The discrepancy between velocities in these two models eventually results 

in orbit deflection. The final deviation at the end of transfer would reach 0.04 AU, as shown in Figure 

8. 

 

Figure 8. Orbit deviations through elapsed time 

 

In general, this paper sees deviations from standard Hohmann transfer when considering the gravity 

of planets. The spacecraft would reach the destination five days earlier, and the most significant 

position deviation would be up to 0.04 AU. Compared with the physical scale of Martian orbit 

(~1.52AU) and the lengthy travel time (9 months), the gravity of planets seems to only create subtle 

errors in the standard model. However, in a realistic transfer mission, these errors and deviations 

require another set of motor burns or more elaborate transfer orbits to compensate, which costs more 

fuel and is not energy-efficient. Depending on the ephemeris of planets and the characteristics of the 

spacecraft, engineers should study the effect of other planets’ gravity and other factors that may 

happen in transfer operation to propel the spacecraft to the location of Mars at the correct time.  

It is worth noting that the total energy difference between these two cases is related not only to the 

consideration of planets’ gravity but also to the specific design of the transfer orbit, such as launch 

height and the value of initial acceleration. 
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3.3 Spheres of influence 

Figure 9 shows the SOI of Earth and Figure 10 shows the SOI of Mars. 

 

 

Figure 9. Transfer Trajectories within the Sphere of Influence of Earth 

 

Figure 10. Transfer Trajectories within the Sphere of Influence of Mars 
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3.4 Lambert’s problem and optimization of trajectory 

Theoretically speaking, the travel time can approach zero if the acceleration of at launch point is large 

enough, but another intensive deceleration at the arrival point to land in Martian orbit is required, or 

the spacecraft would be so fast that it would fly by Mars rapidly. There is a trade-off between the 

total energy cost and travel time: short travel time needs a tremendous amount of propellant and vice 

versa.[8] 

This paper revisits the example of the trajectory of the mission implemented by Mars Science 

Laboratory (MSL), which takes the Mars probe Curiosity to Mars with total travel time less than nine 

months. The launch time was November 26th, 2011, and the arrival time was August 6th, 2012. This 

paper uses the Python package Poliastro and the built-in algorithms for Lambert’s problem for orbit 

simulation. The transfer orbit simulation of MSL is given by Figure 11(a), where the Earth and Mars 

are nearly in alignment configuration for the Hohmann transfer. The aphelion of the transfer orbit is 

close to the location of Mars at the time of arrival. 

What if this simulation brings forward the arrival time by four months? Indeed, the travel velocity 

and the semi-major axis of the heliocentric orbit would be larger, which requires higher initial launch 

velocity. The transfer orbit simulation is given in Figure 11(b). The transfer orbit intercepts with 

Martian orbit.[9] The spacecraft needs a retrograde burn at arrival point to slow down and be captured 

into Martian orbit. In this case, the transfer becomes less lengthy at the expense of more fuel 

consumption.  

 

 

Figure 11. Simulation of MSL mission transfer orbit at different arrival time. (a) Arrival time: 

August 6th, 2012, (5 months from launch); (b) Arrival time: April 6th, 2012, (9 months from 

launch); (c) Arrival time: May 6th, 2013, (18 months from launch). 

 

http://mars.jpl.nasa.gov/msl/
http://mars.jpl.nasa.gov/msl/
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This paper explores how the total cost of the Earth-Mars transfer mission varies with mission time. 

This work fixes the launch date on November 26th, 2011. For the arrival time, this work drew 20 

evenly spaced dates, the spacing of which is 25.4 days. The array of designated travel time extends 

to around 18 months after the fixed launch date. From Figure 12, it can be seen that when the travel 

time is less than 100 days, the total cost is generally huge. This result is unrealistic since the engineers 

also need to consider the volume and weight of fuel to generate such impulses. The total cost of the 

spacecraft decreases as the travel time lengthens until it is longer than 300 days. Above that time 

period, the total cost will keep increasing (More values of travel time and their respective changes in 

velocity are shown in Table 2). The turning trend can be qualitatively explained in Figure 11 (c). This 

animation shows a 500-day transfer orbit, where the spacecraft has traveled almost an entire elliptic 

orbit to land in Martian orbit. Note that the direction of the initial launch of the spacecraft is different 

from (a) and (b) in Figure 11. The spacecraft will be ejected to the Earth’s orbit at first. Due to the 

different direction between the launch velocity and the revolution velocity, the spacecraft cannot 

make full use of the angular momentum given by the Earth, but it still has to gain a large amount of 

energy to enter the transfer orbit with a sizeable semi-major axis. Thus, the acceleration will demand 

more fuel than it does when the launched direction aligns with Earth’s velocity. At the arrival point, 

the spacecraft will have to adjust its velocity’s direction and value again. So, in a transfer case with 

much longer travel time, the total cost will rise again to account for spacecraft orientation adjustments. 

Most notably, the total cost of Curiosity is among the smallest in the simulation. As described before, 

the trajectory of Curiosity is analogous to the Hohmann transfer orbit. This result once again proves 

that Hohmann transfer is an economical way for interplanetary travel. [10,11]  

 

Figure 12. Total cost of Earth-Mars transfer as a function of assigned travel time derived from 

Poliastro. The dates of each data point are 25.4 days apart. 
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Table 2. The total cost is the sum of velocity changes at launch and arrival point. 

Travel Time (Day) Total Cost (km/s) Launch Impulse (km/s) Arrival Impulse (km/s) 

25.4 171.74 79.12 92.61 

50.8 78.59 33.61 44.97 

76.2 47.19 18.86 28.33 

101.6 31.33 11.76 19.57 

127 21.9 7.78 14.12 

152.4 15.88 5.49 10.4 

177.8 11.96 4.23 7.73 

203.2 9.38 3.61 5.77 

228.6 7.68 3.33 4.35 

254 6.89 3.31 3.58 

279.4 8.08 4.69 3.39 

304.8 6.37 3.47 2.9 

330.2 6.51 3.25 3.26 

355.6 7.1 3.2 3.9 

381 8.11 3.38 4.74 

406.4 9.74 3.96 5.78 

431.8 12.22 5.13 7.09 

457.2 15.94 7.12 8.82 

482.6 21.61 10.32 11.29 

508 30.67 15.57 15.1 

 

4. Conclusion 

This paper have recalled a traditional method of interplanetary travel, Hohmann Transfer, and 

simulated the trajectory of satellites traveling from the Earth to Mars under different conditions. 

Hohmann Transfer is an elliptical orbit connecting the two coplanar circular orbits on the apogee and 

perigee. By modeling the trajectory of Curiosity, which was launched in November 2011 and 

successfully landed on Mars in August 2012, this paper extensively simulates the transfer orbits with 

different launch speeds and impulse accelerations. This paper derives the relationship between 

traveling time and fuel consumption in different transfer orbits. The result of this research can be 

referenced to design the interplanetary travel from Earth to Mars. 

This research paper applies basic calculation methods and simulations with and without Python 

package, Poliastro. This paper revisits the standard Hohmann Transfer and its derivation process 

considering conservation of energy and angular momentum according to Kepler’s third law of 

planetary motion. This work then analyzes the effect of different planets orbiting around the Sun on 

the transfer orbit under certain assumptions. The trajectory that considers the gravitational effects of 

planets is slightly different from the one that does not, as shown in Figure 6. This paper simulates the 

total energy needed for Earth-to-Mars transfer and discussed possible trade-offs between traveling 

time and fuel consumption. Last but not least, this paper models the trajectory of Curiosity and 

simulated different transfer orbits at different arrival time. By calculating the sum of velocity changes 

at initial and arrival points, this paper numerically solves Lambert’s problem: while the traveling time 

remains as a free parameter in this problem, anyone can get the appropriate transfer orbit as they wish. 

When applying the results of this paper, researchers should notice that our analysis is made under 

certain assumptions:  

1. The orbits of the Earth and Mars are coplanar and circular.  

2. The gravitational attractions of other planets inside the solar system as negligible.  
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For future study, this paper will simulate the trajectory in a three-dimensional model and consider the 

effects of temporary celestial body movements. This work will keep working on improvements of 

this research and implement the dream of a human-crewed mission to Mars. 
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