
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Mughal, M. R.; Ali, H.; Ali, A.; Praks, J.; Reyneri, L. M.

Optimized Design and Thermal Analysis of Printed Magnetorquer for Attitude Control of
Reconfigurable Nanosatellites

Published in:
IEEE Transactions on Aerospace and Electronic Systems

DOI:
10.1109/TAES.2019.2933959

E-pub ahead of print: 01/01/2019

Document Version
Peer reviewed version

Please cite the original version:
Mughal, M. R., Ali, H., Ali, A., Praks, J., & Reyneri, L. M. (2019). Optimized Design and Thermal Analysis of
Printed Magnetorquer for Attitude Control of Reconfigurable Nanosatellites. IEEE Transactions on Aerospace
and Electronic Systems. https://doi.org/10.1109/TAES.2019.2933959

https://doi.org/10.1109/TAES.2019.2933959


 

 

Optimized Design and Thermal Analysis of Printed Magnetorquer for Attitude Control of Reconfigurable Nanosatellites  
M. Rizwan Mughal1,2, Hassan Ali3, Anwar Ali4, Jaan Praks1, Leonardo M. Reyneri5   

1Department of Electronics and Nano engineering, School of Electrical Engineering, Aalto University, 02150, Espoo, Finland 2Department of Electrical Engineering, Institute of Space Technology, Islamabad, Pakistan 3Department of Space Science, Institute of Space Technology, Islamabad, Pakistan 4School of Information Science and Technology, Zhejiang Sci-Tech University, Hangzhou 310018, China 5Department of Electronics and Telecommunications, Politecnico di Torino, 10129, TO, Torino, Italy  Corresponding Author: rizwan920@gmail.com    Abstract— Attitude Control System (ACS) is one of the critical subsystems of any spacecraft and 
typically is in charge of de-tumbling, controlling and orienting the satellite after initial deployment and 
during the satellite operations. The magnetorquer is a core magnetic attitude control actuator and, 
therefore, a good choice for nanosatellite attitude stabilization. There are various methods to achieve 
control torque using the magnetorquer. An innovative design of printed magnetorquer has been 
proposed for the nanosatellites which is modular, scalable, cost effective, less prone to failure, with 
reduced harness and power consumption since the traces are printed either on top layer or inner layers 
of the printed circuit board. The analysis in terms of generated torque with a range of input applied 
voltages, trace widths, outer and inner-most trace lengths is presented to achieve the optimized design. 
The optimum operating voltage is selected to generate the desired torque while optimizing the torque 
to the power ratio. The results of analysis in terms of selection of optimized parameters including torque 
to power ratio, generated magnetic dipole moment and power consumption have been validated 
practically on a cubesat panel. The printed magnetorquer configuration is modular which is useful to 
achieve mission level stabilization requirements. For spin stabilized satellites, the rotation time analysis 
has been performed using the printed magnetorquer.  
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I.  INTRODUCTION  
Nanosatellites have gained great attention of the space community since last decade and have a key 

role in current and future space industry with potentially great impact [1]. The nanosatellites, being affordable, 
can be used in core application fields including remote sensing, earth observation, radiometry, interferometry 
to name a few [2], [3], [4]. The small size, mass, cost and low power features make them an obvious choice 
for universities and small and medium enterprises (SMEs). The Attitude Control System (ACS) controls and 
stabilizes the orientation of spacecraft after deployment from the launch vehicle and during its mission life. 
After separation from the launch vehicle, the spacecraft is mostly tumbling. It has to deal with large rotations 
and high angular rates in the early orbit life. 

In order to control its orientation and to stabilize in the required direction ( i.e. targeting the earth 
observational payload (camera) towards the earth and solar panels towards the sun and antennas towards the 
ground station), a number of sensors and actuators are required [5]. The attitude determination system 
determines the orientation of the satellite whereas the attitude control system performs the de-tumble and 
control maneuvers [6].  

A block diagram representing attitude determination sensors and attitude control techniques is 
represented in Fig. 1.  For remote sensing and earth observation applications, the attitude control maintains 
pointing with required pointing accuracy whereas for spin stabilized spacecrafts, it maintains the required spin 
rate along the desired rotational axis. The passive control systems including permanent magnets and gravity 
gradients are easy to develop with lower development costs and consume no power but they do not fulfill the 
controlled stabilization requirements of most of the missions [7] 

In a permanent magnet passive attitude control system, a set of permanent magnets on board the 
satellite align the satellite with the magnetic field lines of the earth.  The attitude of passive satellite is a 



 

 

function of the orbit and the magnetic field lines along the orbit. Therefore the orbit inclination has huge 
impact on the pointing of the satellite. The spacecrafts like KeySat-1, QuakeSat, Delfi-C3, and GeneSat are 
few examples of passively stabilized with permanent magnets. The main advantages are simplicity, no power 
consumption and reliability of the system. The major drawbacks of the passive control is that one cannot use 
it for orientation control. Since modern day missions require a very fine pointing accuracy, therefore the 
passive control is not a suitable control system anymore.  

Gravity gradient is another passive attitude stabilization technique which keeps one axis of the satellite 
aligned to earth's local vertical direction. It uses the change in gravity with altitude to create torque so one 
face of the satellite always faces in the downward direction. Typically, long booms are usually extended to 
create the torque. In [8], Kiaxing Zhio discusses the magnetic attitude control for earth pointing satellites in 
the presence of gravity gradient. The main advantages of this scheme are simplicity, no power consumption 
and long lifetime. The drawbacks are poor pointing accuracy, tendency to flipping upside down, and potential 
of thermally bending of boom causing oscillations. 

The active control systems (magnetic rods, gyroscopes, reaction wheels, momentum wheels, and spin 
control systems) are widely used in a three axes stabilized spacecraft for better pointing accuracy [9]. The 
main constraint in the active attitude control is the added hardware in a small available volume and generally 
requires 1/3rd of the total volume for a 3U CubeSat. This work analyzes the design solutions for light weight, 
low power consumption magnetic attitude control system using printed magnetorquer coils to optimize the 
design in terms of power, available area and generated torque. The principle of operation is based on the 
generation of magnetic field through a current carrying coil. The interaction of the generated magnetic dipole 
moment with that of the earth magnetic field results in control torques which are necessary for the attitude 
control of the satellite [5], [10]. Currently, there are very limited designs and developments in the printed 
magnetorquers for cubesat applications. In [11], [12] the authors present a tradeoff analysis of printing 
different shapes of embedded magnetorquers and provide the more feasible shapes keeping into consideration 



 

 

the cubesat form factor. Niccolò Bellini present the design techniques for optimized air core and printed 
magnetorquers [13]. A commercially available CubeSat product also integrates the magnetorquer inside the 
PCB layers [14]. The designs presented in literature not fully optimized in terms of selection parameters. This 
work describes the development of reconfigurable printed magnetorquer with its performance comparison 
with the state of the art. The numerous advantages of the presented design approach over the traditional 
designs are presented in this paper. The optimized design provides flexibility in the selection of design 
parameters and can be utilized in any satellite configuration.     

The implementation of the printed magnetorquer has been performed for AraMiS and Foresail 
satellites. The AraMiS architecture is based on panel based nanosatellites which simplifies the satellite design 
process  and helps achieve modular, scalable and plug and play designs [15] [16] [17]. This architecture uses 
the symmetric panels arranged in payload specific configurations. A number of small, flexible and powerful 

modules are embedded on each panel. These modules are pre-tested, therefore the integration can be done 
much faster. These panels are quickly assembled in standard CubeSat structure as well as custom 
configurations [18][32][33]. The PCB of one such panel contains four layers of printed magnetorquers in 
addition to all necessary electronics as shown in Fig. 2. The Foresail satellites require spin stabilization along 
the axis to monitor the environmental interactions using particle telescope (PaTe) and to de orbit the spacecraft 
using electric plasma brake (EPB) [19], [20]. The spacecraft is currenly under development and utilizes the 
printed magnetorquers in addition to the air core magentorquers for attitude control.  
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Fig. 1 A block level representation of attitude sensors and attitude actuators 
 

The presented design can be printed on top or embedded in as many internal PCB layers as desired based 
on the required dipole moment. For the generation of magnetic moment, selected parameters are the inner and 
outer dimension of the printed coils (WO, WI), trace widths and their separation based on PCB design rules. 
The design permits enough space for the placement of other discrete components on the printed layer and the 
placement strategy also overcomes the residual magnetic fields. 

 
 

                     
 

Fig. 2 A multilayered panel with printed magnetorquer 
 



 

 

The simplified block diagram of the attitude determination and control system using printed magnetorquer is 
depicted in Fig. 3. For the current attitude estimation, raw sensor measurements are compared against the 
known models. The raw values of magnetometer and sun sensors are compared against the known reference 
models for estimation of the current attitude of the spacecraft. For magnetic field modeling, the International 
Geomagnetic Reference Field (IGRF) [9] is typically used; and for sun direction modeling, the method 
described in Montenbruck and Pfleger (1994) is used. Having the estimate of the current attitude, the 
controller issues torque commands for desired orientation [9], [21], [22]. The closed loop feedback ensures 
the maintenance of desired attitude control by repeating the torque command until the desired orientation is 
achieved [23], [24], [25], [26].  

II. PRINTED  MAGNETORQUER 
The designed printed embedded magnetorquer is fully compliant with the cubesat dimensions and requires no 
extra space since the traces are either printed or embedded in the internal layers of the board as shown in Fig. 
2. The design selection can be chosen among multiple reconfigurable options which are presented. The 
detailed analysis of printed coils in terms of selection of outer dimensions, inner dimensions and trace widths 
has been performed against key design parameters including the generated magnetic moments, the consequent 
torques, torque to the power ratios and expected temperature rise due to the flow of current through the panel. 
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Fig. 3  Design flow of attitude control using printed magnetorquer 

 
The main objective of this magnetorquer design is not only being light weight but also being able to generate 
required magnetic moment with the available power. The traces are printed in square shape for a 1U cubesat 
panels. The dimension of single coil is shown in Fig. 4 and Fig. 5 with key design parameters highlighted. 
The design can be printed in any configuration as highlighted in [17], [27]. 

 



 

 

 
Fig. 4  Dimensions and cross-sectional view of printed magnetorquer 

 

 
Fig. 5  Cross sectional view of printed magnetorquer 

 

III. PRINTED MAGNETORQUER OPERATION AND ANALYSIS 
 



 

 

The printed magnetorquer works on the principle of generation of magnetic moment by the flow of current 
through the coil, which interacts with the earth magnetic field and produces torque, used for the desired 
rotation. The magnetic moment (µ) is dependent on current (I) through the printed traces, the effective area 
of the printed coils (A) and the total number of turns (N). The area (A) encompassed by the printed 
configuration is dependent on several factors including the outer and inner dimensions of the printed 
magnetorquers (WO and WI respectively), size of panels, separation between traces (𝑇𝑑𝑖𝑠), trace widths (Tw) 
and cumulative trace width and separation (∆= 𝑇𝑤 + 𝑇𝑑𝑖𝑠  ). The printed magnetorquer as shown in Fig. 4 is 
printed in a cubesat panel. It has symmetric trace prints separated apart by Δ, therefore, the total length of 
each complete layer (Lt) of the printed magnetorquer can be approximated as sum of individual lengths of 
subsequent squares.  Any square with trace i has length Li= 8Δ.i, where 8Δ is the perimeter increase from 

trace i to i+1. The total length of complete layer, Lt, is given by 

Lt = ∑ 8∆. i

imax

imin

                                                                     (1) 

                                                                                                               
The lengths of inner and outer squares changes between 𝑖𝑚𝑖𝑛 =

𝑊𝐼

2∆
 (i.e. perimeter 4WI) and 𝑖𝑚𝑎𝑥 =

𝑊𝑂

2∆
 

(i.e. perimeter 4𝑊𝑂). For the sake of understanding, if we consider only three printed squares in a single panel, 
then the expression for Lt can be written as 
 
Lt = 8Δ.imin + 8Δ(imin+1)+ 8Δ.imax 
 
The expression for total length Lt of Eq. (1) can be further generalized and is presented in following equations. 
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 The above expression is used for the computation of total trace length of the printed magnetorquer for given 
inner and outer dimensions. Any printed square, i, in Fig.4 encompasses area Wi2, therefore the total area 
(A) of a single layer of printed magnetorquer can be computed as sum of areas of individual printed squares 
and is given in  Eq.(6). 
 

A = ∑ (Wi)
2

i
=  ∑ (2∆i)2

i
 =  4∆2  ∑ i2                 (6)
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The total area of the magnetorquer depends on the shape of the printed traces. For the selected shape of Fig. 
4, we can use (7) to compute the total area of the printed magnetorquer. 
 
A = 4∆2

(WO)(WO + 2∆)2 − (WI)(WI + 2∆)2

24∆3
             (7) 



 

 

                                     
Assuming ∆ << WI , WO; the simplified expression is given by (8) 
 
A ≈  

WO
3 − WI

3

6∆
 

                                                                        (8) 

 The above equation provides useful selection criteria for the computation of total area of a single layer of 
the printed magnetorquer of Fig. 2 and Fig. 4. It is evident from (8) that; to maximize the magnetorquer 
area, the distance between the traces should be kept minimum allowable.         

The design is optimized by analyzing the parameters including the torque (τ) and torque to power ratio 
(τ/P) by varying the applied voltage, trace width, inner and outer dimensions of the magnetorquer. The final 
design is selected based on the best achievable τ/P for the selected applied voltage. The maximum torque (τ) 
is exerted when the printed magnetorquer with a given magnetic moment is perpendicular to the magnetic 
field. The amount of generated torque is given by. 
    
τ =  µ × B = |AI||B|                                                            (9)    
 
Where µ is the magnetic dipole moment created by each magnetorquer and B is the earth magnetic field 
vector. For the x,y,and z magnetorquers (expressed as spacecraft body fixed frame), the expression for the 
torque can be written as 

(
𝛕(x)

𝛕(y)

𝛕(z)
) = (

0 Bz −By

−Bz 0 Bx

By −Bx 0
) (

µ(x)

µ(y)

µ(z)
)                       (10) 

                   



 

 

For the design optimization, we consider a single arbitrary reference axis in our future discussions to avoid 
computational complexity. We will consider the effective torques produced when magnetic field lines are 
normal to the reference axis in order to simplify the design calculations. The expression for torque, τ, for the 
printed magnetorquer is expressed in the following expressions. 
                                     
τ =

(WO
3 − WI

3)
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The power dissipation by the magnetorquer depends on the current consumed and the resist ivity of copper 

traces (𝛿) which can be computed by (13). 

P =  
V2

R
 =  

V2∆Across

δ(WO
2 − WI

2)
                                                  (13)             

 
Where  R =  

δL𝑡

Across
 =  

δ(WO
2 − WI

2)

∆Across
                             (14) 

 
The resistivity of the copper traces is directly proportional to the length of traces and inversely proportional 
to the cross-sectional area. The cross-sectional area depends upon the trace width and trace thickness (Across 
= Tw x Tth ). Now, given the expressions for power (P) and torques (τ) in Eqs. (12) and (13), we can compute 
τ/P for our design which is given by (15).  
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The above expression suggests that the torque to power ratio (τ/P) is inversely proportional to the applied 
input voltage. This ratio decreases by increasing the applied voltage (V), trace widths and their separation. 
The relationship of τ/P with the total length of the embedded coils is given by (16) and (17). 
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It can be concluded from (17) that the τ/P increases as the length of the coil (Lt) increases. As a consequence 
to this, the area and number of traces also increases resulting in manifold increase in τ/P. Since trace width 
and trace thickness are key design selection parameters in the printed magnetorquers, their dependency on τ/P 
is given by (18). 

 
τ

P
=  

B(WO
3 − WI

3)

6VΔ
                                        (18) 

 
The trace thickness has a constant effect since it is fixed dependent on the manufacturing of the board and the 
trace width has an inverse proportionality relation on the τ/P for the printed design provided other variables 
are kept constant. 



 

 

Since the shape of the printed magnetorquer is not uniform, therefore the resultant force and exerted torque 
due to each segment is not uniform. Since each square is shorter than the previous one by a factor Δ; therefore 
the net resultant force is the summation of all individual forces. The resultant force is maximum when the 
direction of current carrying trace is perpendicular to the external magnetic field. The resultant Lorentz force 
due to each sub-segment can be computed by placing the current carrying printed coil in magnetic field plane 
B. The strength of each part of the coil parallel to the plane gives a contribution that can be generalized as 
proved by [13] and given in (19) 
 
F1 = 3 Δ I sin(90 +  θ)                                                         (19)           
 
The strength of each part of the coil perpendicular to the plane B gives a contribution that can be 
generalized as given in (20). 
 
F2 = n I Δ B                                                                    (20)                                  
 
Where n is the total number of subsequent squares in the design. The direction of these forces can be 
interpreted by use of Flemings Right Hand Rule [28] and the net force can be computed if magnitude and 
direction of the field vector is known. 

IV. OPTIMIZATION ANALYSIS AND RESULTS 
For the design optimization and analysis, we have plotted the generated torque τ, τ/P, power consumption 

and current flow against variations in trace widths for our printed magnetorquer as shown in Fig. 6. It is 
evident from the graphs that by increasing the trace width, the τ/P decreases for any selected applied voltage. 
Since the amount of generated torque increases with the increase in trace width, the power consumption also 
increases in large proportions therefore; decreasing the overall τ/P. The analysis has been performed for two 



 

 

selected voltages (3.3V and 5V). As the selected trace width increases, there is significant increase in the 
torque but at the expense of consumed power and heat dissipation, which causes an upper limit on selection 
of τ/P. The design can be optimized by changing the trace width and obtaining the highest percentage rise in 
τ/P at a particular voltage. 
                           

 

 
Fig. 6  Plot of trace width against torque, τ /P, Power and current 

 
The selection of outer most and innermost dimensions as specified in Fig. 4 is another key design parameter. 
The analysis has been performed by changing the ratio of inner and outer dimensions of the printed traces 
(WI/WO). The resultant torque and torque to power ratio for two operating voltages (3.3V and 5V) is plotted in 
Fig. 7. As the magnetorquer encompasses more area of the printed circuit board, the generated torque and 
torque to power ratio increases. The total length of coil also increases by increasing the outer dimensions 
which causes the resistance to increase effectively permitting less current to flow in the magnetorquer. It can 
be concluded from the graph that for a fixed inner dimension, if the outer dimension increases, there is an 



 

 

increase in torque to power ratio. As a design rule, the outer dimension should be larger in magnetorquer, if 
permitted by the board.  
For fixed outer dimension, increasing the inner dimension causes a decrease in encompassed area of the 
magnetorquer, therefore limiting the number of traces. As a design rule, the smaller inner dimension generates 
more torque to power ratio which is better design selection. 

 

 
 

Fig. 7  Plot of  WI/WO against torque, τ /P and power consumption 
 
 

The relation between torque, torque to power ratio (τ/P), power, current consumed by the coil against the 
applied voltage at selected trace widths is shown in Fig. 8. The torque and power consumption increases by 
increasing the applied voltages. According to (18), by increasing the applied voltage, there is rapid decrease 



 

 

in τ/P. Therefore, we conclude that the lower applied voltage is more suitable for the design of printed 
magnetorquer since it provides more torque to power ratio.  

 

 
Fig. 8  Plot of operating voltage against torque, τ /P, power and current 

 
The placement guidelines of multilayered magnetorquer in a single unit board were performed after 
optimization analysis. The optimized design parameters for a single layer are tabulated in Table 1. The design 
can be printed in a variety of configuration based on guidelines given in [17] and [27]. 

Table 1   Design parameters (single layer of printed magnetorquer) 
 

Parameter Values 
Average perimeter of coil 240 mm 
Total length of single coil: Lt 10,285 mm 
Outer dimensions: 𝐖𝐎 90mm 



 

 

Inner dimensions: 𝐖𝐈 30mm 
Trace thickness: Tth 18 µm 
Trace width: Tw 0.5 mm 
Cross sectional area: Across 9 x 10-9 m2 
Area of single layer: A 0.1671 m2 
Trace distance: Tdis 0.2 mm 
Coil resistance: R 19.4 Ω 
Copper resistivity: 𝛅 1.7 x 10-8 Ω.m 
Generated dipole moment: µ 0.0284 Am2 
Operating voltage: V 3.3V 

 
The modular magnetorquer can generate a range of magnetic dipole moments making the design quite flexible. 
The multilayered printed magnetorquers can be connected in different configurations (single, n in series, m in 
parallel and n x m in hybrid) to either maximize τ, minimize P or optimize  τ/P [34]. In case of m parallel 
connected coils, the applied voltage is the same as that of a single coil (V) while the current drawn is mIL as 
shown in Fig. 9(a). For n series connected coils; for the same applied voltage V, the flow of current is same 
as that of passing through a single coil (IL). This configuration produces the same magnetic moment as 
generated by the single coil but consumes less power. In case of n×m hybrid combination, for the same applied 
voltage V, the current drawn by the magnetorquer is mIL. The suggested reconfigurable options generate 
variable magnetic dipole moments and any of these configurations can be configured very quickly based on 
the mission pointing requirements. The parallel combinat ion of m connected coils gives the maximum torque 
while consuming much more power. The series connected m coils optimize the available power while 
generating the same torque as that of a single coil.  
The reconfigurable printed magnetorquers was realized on a multilayered panel of AraMiS satellites which is 
shown in Fig. 9(b). It consist of an eight layered printed board with internal four layers of reconfigurable 



 

 

printed magnetorquer. The printed magnetorquer in each layer is reconfigurable and different combinations 
of the magnetorquers can be connected on top layer.  The design parameters as used in Table 1 have been 
used in the AraMiS multilayered panel. The board also consist of a coil driver circuitry to deliver fixed applied 
voltage and variable current to the coils connected in any of the presented configurations. The integration of 
multilayered panel on a single unit cubesat is shown in Fig. 9(c). The detailed analysis of achievable torque 
to power ratio of the designed magnetorquer is presented in Table 2.  
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Fig. 9  (a) Reconfigurable printed magnetorquers    (b) Multi-layered panel with printed magnetorquer in internal layers    
(c) Integration of multilayered panels in 1U cubeSat. 

 
 
The rotation and thermal analysis using the designed printed magnetorquer were performed for the spacecraft. 
The subsequent sections provide the rotation and thermal analysis of the single layered printed magnetorquers.  

V. ROTATION TIME ANALYSIS 
Given a satellite of known mass and moment of inertia along the spin axis, we can compute angular velocity 
achievable for a spinning spacecraft at a given applied voltage. The estcube and Foresail missions require a 
high spin rate along major axis of inertia while maintaining the sun pointing [29], [30]. The rotation time 
analysis was performed for a 1U cube using optimized magnetorquers. The analysis was performed to validate 
the printed magnetorquer for single axis attitude maneuvers. For the selected optimized magnetorquer 
parameters, the rotation time analysis was performed. The angular rotation acceleration (α) of the satellite 



 

 

depends upon the applied torque (τ) and the moment inertia of the satellite (IJ) along the major rotational axis. 
The moment inertia (IJ) along arbitrary major axis (taking Z axis) is given by: 
 
IJz

=  ∭ ρ(x2 + y2) dx dy dz
lx/2

−lx/2

             (21) 
                              
Where x, y, z are the Spacecraft Body Fixed Reference Frames (SBRF) and lx, ly and lz are the respective 
lengths from the axis of inertia. After performing the integration function, the expression can be written as 
given in (22) and (23). 
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12
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2  + ly
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12
(lx

2  +  ly
2)               (23) 

                                                   
Now since mass is a function of (m = ρ lx ly lz ); therefore 
 
IJz

=  m 
1

12
(lx

2  +  ly
2)                 (24) 

                                                 
The relationship between angular acceleration (α) and torque as given by (25). 
 
 τ = IJα              (25) 
                                       



 

 

The angular displacement (φ) is given by  (26) [24]. 

φ = α (
tφ

2
)

2

                (26)  
 
Where tφ is the time taken to rotate the spacecraft axis by desired angle φ.  Combining equation (25) and (26), 
we get: 

tφ = (
2IJφ

τ
)

1
2

                 (27) 
                                   
In order to compute the torque required for the desired rotation, we use (28).  

τ =
2. IJφ

tφ
2

                        (28) 
For a spin stabilized spacecraft, this expression is useful to calculate the torque required to spin an initially 
stationary axis of the spacecraft by a certain angle. In order to rotate the spacecraft at a particular rotation rate, 
an added torque is required for longer time to achieve particular spin rate.  
The generated magnetic moment was practically measured for all magnetorquer configurations of Fig.9(a). 
Based on the measurement results, the time taken to complete one revolution for a single unit cube was 
computed theoretically and compared with state of the art [13], [14]. The resultant τ/P was also computed for 
each configuration. It is evident from Table 2 that the achieved τ/P using any configuration of the designed 
magnetorquer is higher than that achieved using state of the art and commercial options.  
For designed multilayered panel, different reconfigurable options were plotted as shown in Fig. 10. It can be 
concluded that for the same applied voltage the time taken by a single magnetorquer and four in series is the 
same but the series combination consumes less power as compared to the single coil. The parallel connected 
coils rotate the spacecraft four times faster but at the expense of power consumption.  



 

 

 
Table 2  Rotation time analysis results for 1U CubeSat (3.3V) 

 

Configuration µ  
(Am2) 

τ 
 (µNm) 

P 
(W) 

Rotation 
time (s) 

τ/P 
(µNm/W) 

Commercial/ 
Reference 

designs 
(1U panel) 

Gomspace 
Nanopower 
P110 [14]  

 

0.038 1.90 3.3 119.67 0.57 

Ref [13] design 
(best case)  0.108 5.4 0.994 70.98 5.4 

Multilayered 
Panel 

(1U panel) 

Single coil 
(1 x 1) 

0.0284 1.42 0.56 138.45 2.53 

4 coils in series 
(4 x 1) 

0.0284 1.42 0.14 138.45 10.14 

4 coils in 
parallel 
(1 x 4) 

0.4542 22.71 2.24 34.61 10.14 

Hybrid 
(2 × 2) 

0.1136 5.68 0.56 69.22 10.14 

 
 



 

 

 
Fig. 10  Plot of rotation time against angular velocity using printed magnetorquer 

 
 

VI. THERMAL  ANALYSIS 
The thermal balance analysis was performed to validate our design of magnetorquer. Since the printed coils 
may consume much power, therefore they are prone to heat dissipation. For a stable system, the heat balance 
equation is used which relates effective temperature due to the external environment Texternal and temperature 
rise due to internal heat dissipating elements including magnetorquers, Tinternal. The total thermal heat due to 
external environment, Texternal, experienced by the CubeSat is given by (29). 
 
Texternal

4 =
qs

σ
(

1

4
+ Fα) + FTE

4                                 (29) 
 
The radiation heat transfer is governed by Stefan-Boltzmann’s Law [31], given by (30). 
  



 

 

Tinternal
4 =  

P

σεA
                                                                                  (30) 

 
The overall temperature for the cubesat can be computed by (29) and (30). 
 
T4 = Texternal

4 + Tinternal
4                                                    (31) 

 

T = √
qs

σ
(

1

4
+ Fα) + FTE

4 +  
P

σεA

4

                                   (32) 
Where 𝑞𝑠 = 1371W/m2, σ = 5.67x10-8 W/m2K4, F = 0.15, and 𝑇𝐸

 = 255K  
 
The analysis computes the temperature rise due to the printed magnetorquers while neglecting all the other 
internal heat dissipations. The change in temperature of the CubeSat by varying the trace width of the printed 
magnetorquers is represented in Fig. 11 which signifies the direct dependence of temperature on power 
consumption and current passing through the coil. For the range of selected trace widths of the printed 
magnetorquer, the thermal analysis suggests that the increase in the trace widths have and exponential 
dependence on the temperature rise. Even if the temperature profile is exponential, the overall effect of 
increasing the trace widths of the printed magnetorquer for the worst case (4 coils in parallel) doesn’t cause 

thermal imbalance issues.  
 



 

 

 
 

Fig. 11  Thermal effect by changing the trace width of printed magnetorquer 
 
Fig. 12 shows the effect of variation in applied voltage against the temperature change for selected 
configurations of printed magnetorquers. It can be noticed from the figure that the overall temperature of 
cubesat increases exponentially at higher operating voltages but remains well within operational limits even 
for worst case of four coils in parallel. Therefore as a design selection, the lower operating voltages for the 
magnetorquer maintain better thermal balance.  
 



 

 

 
 

Fig. 12  Applied voltage against temperature rise for printed magnetorquers 
 

VII. CONCLUSION 
The paper has presented a design approach on printing the magnetorquer onto the panels of the CubeSat in 
order to reduce the harness mass and power consumption while achieving the desired magnetic dipole 
moment. The detailed analysis of printed magnetorquer in terms of generated magnetic moment, torques, 
torque to power ratio was presented against key design selections including applied voltage, trace widths, 
trace thickness and power consumption. A reconfigurable design of printed magnetorquer was presented to 
generate optimum torque and torque to power ratio. The reconfigurable design parameters were compared 
against the commercially available embedded magnetorquer. The thermal analysis on the selected 
configurations suggested the temperature increase within allowable limits therefore validating the design 
selections. The analysis of angular velocity along rotational axis for a spinning spacecraft was presented using 
the optimized designs. In future, we will validate the design for higher form factor satellite platforms. 
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