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Abstract 

One challenge facing CubeSat-class spacecraft undertaking science operations is that the volume constraints 

associated with this form factor impose strict limitations on control authority. In particular, it can be difficult to 

complete traditional reorientation maneuvers in a timely manner, due to the comparatively low saturation limits 

of available actuators. This paper demonstrates the use of a new approach to spacecraft attitude control known 

as Autonomously Blended Passive and Active (ABPA) control. This control strategy treats the space environ-

ment as an asset and seeks to simultaneously regulate both passive environmental effects and active attitude 

control elements in flight in accordance with a set of desired guidance commands. In this work, a controller de-

signed using techniques in autonomous blending of passive and active controls is applied to a six-unit CubeSat 

performing a typical reorientation maneuver. Simulation results show this controller offers significant thruster 

propellant savings without sacrificing time domain performance when compared to a traditional control method. 

 

 

 Introduction 

 

This research will demonstrate the use of a new 

approach to spacecraft attitude control known as Au-

tonomously Blended Passive and Active (ABPA) 

control. This control strategy treats the space envi-

ronment as an asset and seeks to simultaneously 

regulate both passive environmental contributions 

and active attitude control elements in flight in ac-

cordance with a set of desired guidance commands.  

By using the presence of passive stabilization provid-

ed by the space environment before allocating active 

control resources, ABPA control allows a spacecraft 

to be controlled in a much more efficient manner. 

This is critical for CubeSat-class spacecraft, in which 

the mass, power, and volume constraints levied on 

the spacecraft might otherwise make long-duration 

science missions untenable. The foundations of 

ABPA control and techniques for ABPA control syn-

thesis in passive systems and feedback passivizable  
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systems are established and explored in Narang 

(2012), and further characterization of passive sys-

tems and control synthesis techniques for passive sta-

bilization are discussed in depth in Narang and Vala-

sek (2013), Byrnes et al. (1991), and Lin (1996).  

The ABPA control strategy is applied to a notion-

al GPS radio occultation mission in low Earth orbit 

(LEO). A recent Earth Sciences Decadal Survey (Na-

tional Academy of Sciences, 2007) identified GPS 

occultation as a key measurement gap for understand-

ing pressure, temperature, and water vapor profiles in 

the atmosphere. Beyond Earth science, GPS occulta-

tion can also inform space weather patterns by way of 

electron density measurements. While the Decadal 

Survey suggests mission architectures ranging from 

$60 million to $100 million in cost, recent advances 

in the miniaturization of sensor, actuator, and avion-

ics technologies make it reasonable to consider a 

GPS occultation science mission carried out by sev-

eral CubeSat-class spacecraft. An ideal implementa-

tion would be to deploy multiple CubeSats in LEO, 

as this provides a greater breadth of data with a finer 

time resolution. Successful implementation of GPS 

radio occultation science, as performed by a group of 

CubeSats, is predicated upon advanced navigation 

and attitude determination and control technologies. 

Basic GPS radio occultation requires accurate meas-

urement of the Doppler shift in the GPS signal, which 

is based upon precise velocity measurements. More-

over, basic command and telemetry and station-

keeping operations require active attitude determina-

tion and control technologies that will operate relia-

bly over the life of the mission. 

This work considers a single six-unit (6U)  

CubeSat that is equipped with a notional GPS radio 

occultation payload and the necessary supporting 

subsytems. Simulated performance characteristics 

assume command and data handling (C&DH) and 

attitude determination and control system (ADCS) 

technologies that have either already flown on a Cu-

beSat or are slated for flight in the near future. That 

is, the control architecture proposed herein would be 

realizable using a commercially available CubeSat-

class processor communicating with a commercial-

off-the-shelf ADCS that has previously flown in 

space. Using the ABPA approach, each time a new 

guidance/control command is released, the algorithm 

will first inspect the current environment state using 

the attitude determination sensors available onboard. 

If the physical forces are favorable and sufficient for 

passive stabilization, ABPA control will turn off any 

active compensation. If, however, the forces are ei-

ther not favorable or cannot provide the required 

pointing accuracy, ABPA control will automatically 

determine the “best” combination or blend of passive 

and active control signals. The “best” here relates to 

optimum use of available resources, or attaining the 

desired time domain characteristics, or even a combi-

nation of the two, selection of which is mission-

dependent and made before deployment. This paper 

will examine a rest-to-rest attitude reorientation ma-

neuver and compare the performances of a simple 

PD-like controller against a controller that incorpo-

rates concepts of ABPA control into an otherwise 

similar control strategy. 

For the purposes of this work, a CubeSat (or 

nanosatellite) will refer to any spacecraft that weighs 

14 kg or less. These spacecraft adhere to the CubeSat 

standard (Nugent, 2008), whereby a 10 cm x 10 cm x 

10 cm cube comprises one unit of volume, abbreviat-

ed as 1U. Traditionally, CubeSats have been restrict-

ed to being no more than 3U in total volume, with an 

overall size of 10 cm x 10 cm x 30 cm. This volume 

constraint allows the spacecraft to be compatible with 

the various deployment mechanisms that are availa-

ble, such as the Cal Poly P-POD (Puig-Suari, 2001). 

However, CubeSats measuring 10 cm x 20 cm x 30 

cm (6U) in size are becoming more common, such as 

the recent NASA Ames EcAMSat mission (Boone, et 

al., 2017). The recent success of the EcAMSat mis-

sion and the assumed power and volume require-

ments of the GPS payload motivate the use of a 6U 

form factor in this work. Past CubeSat missions have 

either been stabilized using permanent magnets and 

hysteresis rods (Diaz-Aguado, 2009) interacting with 

the Earth's magnetic field or controlled using mutual-

ly orthogonal sets of reaction wheels and torque coils 

(Sorgenfrei, et al., 2014).  

The organization of the remainder of this paper 

will be as follows: Section 2 explores the orbital 

characteristics of the reference satellite mission, in-

troduces the equations of motion for the satellite, and 
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derives a globally asymptotically stabilizing Propor-

tional Derivative (PD)-like controller for use as a per-

formance baseline; Section 3 derives and proves 

global asymptotic stability for a control law incorpo-

rating ABPA techniques; Section 4 provides simula-

tion results for and analysis of the performance of the 

PD and ABPA controllers; Section 5 details the spec-

ification of optimal gain and parameter values for the 

PD and ABPA controllers; Section 6 explores the 

performance of the ABPA controller under different 

altitude conditions; discussion and conclusions fol-

low. 

 

 Design Reference Mission 

 

The 6U CubeSat layout used for this study is 

shown in Figure 1, with the solar panels deployed 

and one structural panel removed for clarity. The 

“front'' four units of volume are allocated to the GPS 

receiver payload, while the “rear'' two units of vol-

ume are set aside for spacecraft bus subsystems. For 

the purposes of this work, it is assumed that the 

spacecraft has a mass of 14 kg, and that this mass is 

homogenously distributed through the spacecraft vol-

ume of 10 cm x 20 cm x 30 cm. While admittedly a 

simplification, this makes the calculation of the 

spacecraft moment of inertia much simpler. It is as-

sumed that the power requirements of all subsystems 

are such that two deployable solar arrays are re-

quired, each of which having a surface area of 30 cm 

x 30 cm when fully deployed. Similarly, it is assumed 

that attitude control will be undertaken using a cold 

gas propulsion system, since this can be integrated in 

a more compact manner than a set of three mutually 

orthogonal reaction wheels. The satellite is equipped 

with a Lightsey Space Research (LSR) cold gas pro-

pulsion system, each nozzle of which has a maximum 

thrust capability of approximately 50 mN (Stevenson 

and Lightsey, 2016). For the purpose of this work, we 

assume that the thrust acts instantaneously at each 

nozzle, and that no information about the propellant 

mass flow is required for controller synthesis. As 

seen in Figure 1, the cold gas propulsion system is 

placed on the “rear” of the spacecraft, with six noz-

zles near the 𝑥�̂� face of the satellite. The line of ac-

tion for the thrusters is such that a translational force 

will be imparted upon the spacecraft as a result of 

certain rotational maneuvers, but that is an acceptable 

mode of operation for the mission under considera-

tion. That is, strict station-keeping is not required for 

the GPS occultation mission to be successful. Using 

the aforementioned dimensions of the spacecraft and 

the simplifying assumption that the thrust acts at the 

extreme corner of each face of the spacecraft, torque 

limits for the spacecraft controller (calculated about 

the center of maass) can be calculated as 12 x 10−3 

Nm around the 𝑥�̂� axis, 18 x 10−3 Nm around the 𝑦�̂� 

axis, and 9 x 10−3 Nm around the 𝑧�̂� axis. 

For the purpose of the GPS occultation mission, 

the satellite will take a circular orbit at an altitude of 

500 km with an orbital period of 94 minutes. Attitude 

control will be affected using the aforementioned set 

of cold gas thrusters depicted in Figure 1. Due to the 

severe volume limitations of the 6U spacecraft and 

the mass requirements of the CubeSat deployment 

mechanism, the maximum amount of propellant that 

can be stored on board is 200 g. A reorientation is 

considered in which the satellite starts from rest and 

rotates to some desired final attitude, ending at rest. 

Such a rest-to-rest reorientation maneuver is typical 

for spacecraft in low Earth orbit, in which multiple 

retargetings during a single orbit are not uncommon. 

The initial attitude error will be taken to be a rotation 

of thirty degrees about some axis of rotation, a large 

 

Figure 1. Artist's depiction of the 6U spacecraft, shown 

with solar panels deployed and one panel of the spacecraft 

structure removed. The body frame axes are shown in sol-

id arrows, and the lines of action of the thrusters are 

shown with dashed arrows. 
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enough angle that any potential fuel savings from ef-

ficient controller design will be significant if the ma-

neuver is repeated many times over the lifespan of 

the mission. 

 

2.1. Dynamics 

The satellite state is described by the attitude and 

the angular velocity of the satellite. The satellite atti-

tude is expressed via the Modified Rodrigues Param-

eters (MRPs) three-vector σ and the angular velocity 

is given by the vector ω ∈ R3.The equations of mo-

tion for the satellite system Σ are given in Schaub and 

Junkins (2003) as 

 

Σ:           �̇� =  
1

4
𝐵(𝜎)𝜔                                             (1) 

 �̇� =  𝐽−1(�̈�𝐽𝜔 + 𝐿 +  𝜏) , 

 

where L is the sum of any exogenous moments acting 

on the satellite, τ is the control torque applied to the 

satellite through the thrusters, J is the symmetric, 

positive definite inertia tensor (that is, we assume the 

body fixed frame is the principal inertia frame), and 

B(σ) is a matrix describing the attitude dynamics, 

given by 

 

𝐵(𝜎) = [(1 − 𝜎𝑇𝜎)[𝐼3𝑥3] + 2�̃� + 2𝜎𝜎𝑇 .         (2) 

 

Note that the �̃� operator is the skew-symmetric 

operator transforming a three-vector x into a skew-

symmetric 3 x 3 matrix as shown in the following 

definition: 

 

�̃� = [

0 −𝑥3 𝑥2

𝑥3 0 −𝑥1

−𝑥2 𝑥1 0
] . 

 

While the use of MRPs to represent the attitude 

does mean that the kinematics will be subject to sin-

gularities, the controller is applicable to a wide range 

of reorientation maneuvers, and the compact nature 

of the MRP vector is convenient for the derivations 

considered herein.  The moments considered in this 

simulation which comprise L are moments due to so-

lar radiation pressure Lsrp, aerodynamic drag Laero, 

and gravity gradient effects Lgrav, giving the total ex-

ogenous moment vector of L = Lsrp + Laero + Lgrav. 

The aerodynamic moments are modeled from an 

aerodynamic drag force acting on each surface of the 

satellite that faces into the direction of spacecraft ro-

tation. The drag force acting upon each of these sur-

faces, each denoted with a subscript i, is modeled 

(Wertz, 1978) as 

 

𝐹𝑎𝑒𝑟𝑜𝑖
= −

1

2
𝐶𝑑 𝜌 𝐴𝑒𝑓𝑓𝑖

𝑣𝑖
2 𝑣𝑖 , 

 
where Cd is the aerodynamic drag coefficient, which 

has set to a value of Cd =2.0 for each surface; ρ is the 

atmospheric density, which has been calculated via 

the NRLMSISE-00 atmospheric density model from 

the U.S. Naval Research Laboratory (Picone et. al, 

2002) at the orbital altitude of the satellite during 

daytime conditions; vi is the velocity of the geometric 

center of the ith surface of the spacecraft with respect 

to the atmosphere; and 𝐴𝑒𝑓𝑓𝑖
 is the effective surface 

area of the ith surface of the spacecraft equal to 𝐴𝑒𝑓𝑓𝑖
 

= �̂�𝑖 𝑣𝑖 where �̂�𝑖 is the unit vector normal to the sur-

face. The atmosphere is assumed to be at rest with 

respect to the Earth, and the velocity vi is calculated 

as vi = 𝑅𝑐𝑚𝑖
 × ω, where 𝑅𝑐𝑚𝑖

 is the vector pointing 

from the center of mass of the satellite to the geomet-

ric center of surface i and where ω is the angular ve-

locity of the spacecraft. The total aerodynamic mo-

ment from each surface i is then calculated as 

𝐿𝑎𝑒𝑟𝑜 = ∑ 𝑟𝑐𝑚𝑖
× 𝐹𝑎𝑒𝑟𝑜𝑖 

 𝑖 , 

where the only surfaces included in the summation 

are surfaces that face the direction of spacecraft rota-

tion (i.e. where �̂�𝑖 ∙ 𝑣𝑖 ≥ 0). 

The solar radiation pressure moments are mod-

eled from a solar radiation force acting on each sur-

face j of the spacecraft that faces towards the sun. 

The solar radiation force is modeled as 

 

𝐹𝑠𝑟𝑝𝑗
=

𝑆𝑐

𝑐
(1 + 𝑞) 𝐴𝑒𝑓𝑓𝑗

 𝑠 ̂ , 

 

where Sc = 1367 W/m2 is the solar constant; c = 3 × 

108 m/s is the speed of light; q is the reflectance of 

the surface, set to q = 1 for maximum disturbance 

magnitude; �̂� is the unit vector in the direction of the 

sun relative to the spacecraft; and 𝐴𝑒𝑓𝑓𝑗
 is the effec-
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tive surface area of each surface of the spacecraft 

equal to 𝐴𝑒𝑓𝑓𝑗
 = �̂�𝑗 �̂�, where �̂�𝑗  is the unit vector 

normal to the surface. The total solar radiation pres-

sure moment from each surface j is then calculated as 

 

𝐿𝑠𝑟𝑝 = ∑ 𝑟𝑐𝑚𝑗
× 𝐹𝑠𝑟𝑝𝑗

𝑗

 

 

where 𝑅𝑐𝑚𝑗
 is the vector pointing from the center of 

mass of the satellite to the geometric center of surface 

j and where the only surface included in the summa-

tion are those that face towards the sun (i.e. where 

�̂�𝑗 ∙ �̂� ≥ 0). 

The body-frame gravity gradient moment is mod-

eled as 

 

𝐿𝑔𝑟𝑎𝑣 = 3 𝜔0
2 (𝑙𝑏 × 𝐽 𝑙�̂�) , 

 

where ω0 is the orbital angular rate for the satellite, 𝑙𝑏 

is the body-frame nadir-pointing unit vector (recall 

that the satellite is in a circular equatorial orbit), and 

J is the body-frame inertial tensor. 

 

2.2. PD Controller Derivation 

The controller against which the ABPA controller 

performance will be compared is a Proportional-

Derivative-like (PD-like) controller developed from a 

quadratic control Lyapunov function candidate. The 

controller is developed to allow the satellite to be 

controlled to an arbitrary desired attitude MRP vector 

σd, where the attitude error is given by σe = σ − σd. 

Note that because MRP vectors are not additive, a 

small-angle approximation assumption is implicitly 

made for this formulation. Additionally, note that this 

formulation specifies an inertially constant desired 

attitude; while the controllers in this paper can be 

formulated to follow a trajectory (e.g. track a ground 

station during a maneuver), the inertial orientation 

objective is chosen in this paper for the purposes of 

simplifying the error dynamics of the system. With 

these error dynamics, the PD-like controller takes the 

following form: 

 

𝜏 = −𝑘𝑃𝐵𝑇(𝜎)(𝜎𝑒) − 𝐿 − 𝐾𝐷𝜔 ,                (3) 

for control torque τ, scalar gain kP > 0, and diagonal 

and positive definite 3 x 3 matrix gain KD. Note that 

although the control torque in Equation (3) is nonlin-

ear, due to the presence of the B(σ) matrix, the PD-

like form still allows for the proportional and deriva-

tive gains kP and KD to be tuned for performance. It is 

notable, although not used in the proof of stability, 

that for small attitude errors and a desired attitude 

state of zero, the controller in Equation (3) approxi-

mates a linear PD controller, due to the identity BT 

(σ) σ = (1 + σ2) σ, which is approximately σ for small 

σ.  Global asymptotic stability for the control law in 

Equation (3) is proven in the following theorem: 

 

Theorem 1: Let the dynamics for system Σ be defined 

as in Equation (1), the control input τ be defined as in 

Equation (3), and σd be a constant vector in R3. Then 

the control input τ globally asymptotically stabilizes 

Σ to the equilibrium point σ = σd, ω = 0. 

 

Proof: Let a positive semi-definite control Lyapunov 

function take the following quadratic form: 

 

𝑉 = 2𝑘𝑝𝜎𝑒
𝑡𝜎𝑒 +  

1

2
𝜔𝑇𝐽𝜔 ,                      (4) 

 

where kP is a scalar constant. Note that this Lyapunov 

function candidate consists of the satellite rotational 

kinetic energy ½ ωT Jω and an additional quadratic 

term in attitude error, allowing for the function to be 

positive semi-definite. Additionally, the control Lya-

punov function V is radially unbounded, taking the 

zero value only when both the attitude error σe and 

the angular velocity ω are zero. Differentiating V 

with respect to time yields 

 
�̇� = 4𝑘𝑃𝜎𝑒

𝑇𝜎𝑒 + 𝜔𝑇𝐽𝜔 ̇̇ .                       (5) 

 

Note that because the final desired attitude σd is 

constant, the attitude error dynamics simplify to �̇�𝑒 =
𝜎.̇  Noting this and substituting the dynamic equations 

in Equation (1) into Equation (5) yields 

 
�̇� = 𝜔𝑇(𝑘𝑃𝐵𝑇(𝜎)𝜎𝑒 + 𝐿 + 𝜏) .                  (6) 
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Applying the control torque in Equation (3) gives 

the following closed-loop form of the time derivative 

of the control Lyapunov function: 

 

�̇� = −𝜔𝑇𝐾𝐷𝜔 ,                             (7) 

 

where KD > 0 is a positive definite 3 x 3 matrix and 

further assumed to be diagonal. 

As seen above in Equation (7), the time derivative 

of the Lyapunov function candidate is clearly nega-

tive semi-definite. Because the first time derivative of 

V is only negative semi-definite and not negative def-

inite, it will further be shown that the first non-zero 

higher-order time derivative of V is of odd order and 

is negative definite when evaluated on ω = 0, to 

guarantee asymptotic stability. (This is an application 

of LaSalle's invariance principle; see Mukherjee and 

Chen (1993) for derivation.) Differentiating V twice 

with respect to time yields 

 

𝑉 = −2𝜔𝑇𝐾𝐷𝜔 ,̇̈  
 

which is zero when evaluated on ω = 0. Differentiat-

ing V still again with respect to time yields 

 
𝑉 =  −2𝜔𝑇𝐾𝐷�̈� − 2�̇�𝑇𝐾𝐷𝜔 ̇ , 

 

which, evaluated on ω = 0, gives 

 

𝑉 = −2�̇�𝑇𝐾𝐷�̇� ,                            (8) 

 

where the dynamics �̇� depend on the control torque 

and thus the state σe. Because the matrix KD is posi-

tive definite, it is the case that xT KD x is positive def-

inite for any x ∈ R3, indicating that Equation (8) is 

negative definite. Therefore, the first non-zero high-

er-order time derivative of V is of odd order and neg-

ative definite on ω = 0. Thus, noting that the Lyapun-

ov function V in Equation (4) is radially unbounded, 

the PD-like controller in Equation (3) globally as-

ymptotically stabilizes the system to (σe = 0, ω =0), 

(σ = σd, ω = 0) for arbitrary desired attitude σd. This 

completes the proof. 

 

 Autonomously Blended Passive and Active 

Control 

 

The ABPA controller derived in this section will 

be heavily based on the PD controller derived in the 

previous section; this will ensure that the two control-

lers are identical except for the addition of concepts 

in passive and active blending, allowing for conven-

ient and direct comparison. Conceptually, the con-

troller design will be such that the active PD control-

ler is turned off when the internal energy of the sys-

tem (as described by a Lyapunov function) is suffi-

cient for some desired rate of convergence. Specifi-

cally, if the internal energy of the system is sufficient 

for the system to achieve exponential state conver-

gence, the spacecraft thrusters will not be actuated 

while this open-loop convergence is being achieved. 

This occurs when the Lyapunov function in the open 

loop satisfies the differential equation of a decaying 

exponential: 

 

�̇� ≤ −𝑘𝑉 ,                               (9) 

 

for some scalar constant k > 0 relating to the time 

constant of the decaying exponential. This parameter 

k determines the threshold when the inequality in 

Equation (9) is satisfied and thus determines the 

threshold for actuating the thrusters. Otherwise, when 

the internal energy is not sufficient for such a rate of 

convergence, a PD controller similar to that derived 

above will be used to drive the states to the origin. In 

particular, the ABPA controller will take the follow-

ing form: 

 

𝜏 = { 0 𝑉𝑂𝐿
̇ ≤ −𝑘𝑉

𝛼 +  𝜗 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
} 

 

Where 

 

𝛼 = { 0 𝜔𝑇𝐿 ≤ 0
−𝐿 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

}                    (10) 

 

And 

 
𝜗 = −𝑘𝑃𝐵𝑇(𝜎)𝜎𝑒 − 𝐾𝐷𝜔 ,  
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where τ is the actuated control torque and �̇�𝑂𝐿 is the 

derivative of the candidate Lyapunov function V in 

the open loop. Using the Common Lyapunov Func-

tion approach for asymptotic stability of switched 

systems (Sun and Ge, 2011), global asymptotic sta-

bility of the control law in Equation (10) is proven in 

the following theorem: 

 

Theorem 2: Let the dynamics for system Σ be de-

fined as in Equation (Dynamics), the control input τ 

be defined as in Equation (10), and σd be a constant 

vector in R3. Then the control input τ globally asymp-

totically stabilizes Σ to the equilibrium point (σ = σd, 

ω = 0). 

 

Proof: Let a positive definite control Lyapunov 

function take the same form of that in Equation (4) 

(from the PD controller), given by: 

 

𝑉 = 2𝑘𝑝𝜎𝑒
𝑡𝜎𝑒 +  

1

2
𝜔𝑇𝐽𝜔 , 

 

where σe = σ − σd. 

 

It is known for a switching controller such as that 

in Equation (10) that asymptotic stability is guaran-

teed for a switched system under arbitrary switching 

when all components of the controller are stable with 

respect to a common Lyapunov function (Sun and 

Ge, 2011). That is to say, let there exist a switched 

system �̇�𝑖 = (𝑥, 𝑝𝑖) for state x and controller pi in a 

family of controllers P. If there exists a positive defi-

nite function V(x) such that the system �̇�𝑖 = 𝑓(𝑥, 𝑝𝑖) 

is asymptotically stable with respect to V(x) for all pi 

in P, then the system is asymptotically stable under 

arbitrary switching. 

To prove the asymptotic stability of the controller 

in Equation (10), it will be shown that the three 

switching control components are all asymptotically 

stable with respect to a common Lyapunov function, 

in particular that of the above form in Equation (4). 

The time derivative of V is given by Equation (6), 

stated again as 

 
�̇� = 𝜔𝑇(𝑘𝑃𝐵𝑇(𝜎)𝜎𝑒 + 𝐿 + 𝜏) . 

 

In the open loop, this time derivative takes the 

form 

𝑉𝑂𝐿 = 𝜔𝑇(𝑘𝑃𝐵𝑇(𝜎)𝜎𝑒) + 𝐿̇  .                   (11) 

Let the following cases, which extend over all 

possible �̇�𝑂𝐿 , be examined individually, for some 

constant k > 0: 

Case 1: �̇�𝑂𝐿 ≤ −𝑘𝑉 ; 

Case 2: �̇�𝑂𝐿 > −𝑘𝑉 𝑎𝑛𝑑 𝜔𝑇𝐿 ≤ 0 ; and 

Case 3: �̇�𝑂𝐿 > −𝑘𝑉 𝑎𝑛𝑑 𝜔𝑇𝐿 > 0 . 

 

For Case 1, the open-loop time derivative of V 

satisfies the differential inequality of a decaying ex-

ponential and is therefore bounded above by a nega-

tive definite function; the open-loop time derivative 

of V is therefore negative definite. Thus, also noting 

that V is radially unbounded, control input τ = 0 glob-

ally asymptotically stabilizes Σ to (σe = 0, ω =0), (σ = 

σd, ω = 0) for Case 1. 

For Cases 2 and 3, let the control input be given 

by τ = α + ν where ν is given by  

 

𝜗 = −𝑘𝑃𝐵𝑇(𝜎)𝜎𝑒 − 𝐾𝐷𝜔 .                  (12) 

 

Applying this control to Equation (11) and substi-

tuting in for ν as in Equation (12) leads to the closed-

loop time derivative of V given as 

 

�̇� = 𝜔𝑇(𝐿 + 𝛼 − 𝐾𝐷𝜔) .                     (13) 

 

For Case 2, noting that ωT L ≤ 0 and letting α = 0, 

the time derivative of V is bounded by 

 

�̇� ≤ −𝜔𝑇𝐾𝐷𝜔 ,                          (14) 

 

which is negative semi-definite. Differentiating 

Equation (14) with respect to time and evaluating on 

ω = 0 yields 

 
�̈� ≤ −2𝜔𝑇𝐾𝐷�̇�|𝜔=0 = 0 . 

 

Differentiating Equation (14) twice with respect 

to time yields 
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𝑉 ≤ −2𝜔𝑇𝐾𝐷�̈� − 2𝜔𝑇̇ 𝐾𝐷�̇�  , 
 

which, evaluating on ω = 0, yields 

 

𝑉 ≤ −2�̇�𝑇𝐾𝐷�̇� .                           (15) 

 

The matrix KD is positive definite, indicating that 

Equation (15) is negative definite for dynamics given 

by �̇�. Therefore, the first non-zero higher-order time 

derivative of V is of odd order and negative definite 

on ω = 0. Noting that V is radially unbounded, the 

control law τ = α + ν for α = 0 and ν defined in Equa-

tion (12) therefore globally asymptotically stabilizes 

Σ to (σe = 0, ω = 0), or (σ = σd, ω = 0) for Case 2. 

For Case 3, let τ = α + ν for α = −L and ν as de-

fined in Equation (12). The time derivative of V is 

thus given by 

 
�̇� = −𝜔𝑇𝐾𝐷𝜔 ,                          (16) 

 

which is negative semi-definite. Differentiating 

Equation (16) with respect to time and evaluating on 

ω = 0 yields 

 
�̈� = −2𝜔𝑇𝐾𝐷�̇�|𝜔=0 = 0 . 

 

Differentiating Equation (16) twice with respect 

to time yields 

𝑉 = −2𝜔𝑇𝐾𝐷�̈� − 2𝜔𝑇̇ 𝐾𝐷�̇�  , 

which, evaluating on ω = 0 and substituting in for the 

dynamics, yields 

 

𝑉 = −2𝑘𝑃
2(𝐵𝑇(𝜎)𝜎𝑒)𝑇𝐽−1𝐾𝐷𝐽−1(𝐵𝑇(𝜎)𝜎𝑒) ,       (17) 

 

which is negative definite on ω = 0. Therefore, the 

first non-zero higher-order time derivative of V is of 

odd order and negative definite. Noting that V is radi-

ally unbounded, the control law τ = α + ν for α = −L 

and ν as defined in Equation (12) therefore globally 

asymptotically stabilizes Σ to (σe = 0, ω =0), or (σ = 

σd, ω = 0) for Case 3. 

Because each of the switched controller compo-

nents is asymptotically stable with respect to a com-

mon Lyapunov function Equation (V), the control 

law in Equation (ABPA cntrl) globally asymptotical-

ly stabilizes Σ to (σ = σd, ω = 0) for any desired final 

attitude σd. This completes the proof. 

The controller logic in Equation (10) is briefly 

summarized in the algorithm below, where the actu-

ated control torque τ incorporates the active control 

component ν and the exogenous moment component 

α when appropriate. 

 

If dynamics converge exponentially in the open 

loop 

then 

Turn off the controller 

else 

if exogenous moments detract from stability 

 then 

Cancel out exogenous moments with α 

(from Equation (10))   

else 

Turn off α 

end 

 

Apply active PD control with ν to asymptotically 

stabilize 

 

End 

 

It should be noted that the control law in Equation 

(10) guarantees global asymptotic stability of the sys-

tem but does not guarantee global exponential stabil-

ity. This is due to the fact that the PD controller in 

Equation (3) which the ABPA control law incorpo-

rates, is asymptotically stable but not necessarily ex-

ponentially so. Therefore, the system will not expo-

nentially converge within some time frame relating 

solely to the threshold constant k but will rather con-

verge at an unspecified rate determined by the PD 

control law. This indicates that the appropriate tuning 

of gains kP and KD and threshold constant k is para-

mount to achieving desired performance. 

 

 PD and ABPA Controller Simulations 

 

4.1. Initial Conditions and Parameters 

The performances for the PD and the ABPA con-

trollers are analyzed from the following initial atti-
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tude condition: the initial attitude is taken to be a ro-

tation of φ0 degrees around an arbitrary axis of rota-

tion �̂�, given by 

 

�̂� =
1

√3
[1 1 1]𝑇 

 

𝜑0 = 30 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 ,                        (18) 

 

where φ0 > 0 is the principle rotation angle and �̂�, is 

the principle axis of rotation. This is expressed as an 

MRP vector as 

 

𝜎0 = tan (
𝜑0

4
) �̂� = [0.0076 0.0076 0.0078]T . 

 

The kP and KD proportional and derivative gains 

were manually chosen via testing so that the PD con-

trol law gave reasonable performance for the above 

initial condition, settling after approximately ninety 

seconds without spending excessive amounts of fuel. 

Given that the application in question has an orbit 

period of 94 minutes, expecting the spacecraft to be 

able to reorient in only 90 seconds is not unreasona-

ble. Although the KD derivative gain can take the 

form of a 3 x 3 positive-definite matrix, it will, for 

simplicity, be taken to be a diagonal matrix with 

equal entries along the diagonal so that KD can be 

treated as a scalar value. After a certain amount of 

hand-tuning, the kP and KD gain values were chosen 

to be kP = 0.005 and KD = 0.03. 

These gain values are used for both the PD con-

troller in Equation (3) and the ABPA controller in 

Equation (10). Optimal gain values will later be ob-

tained in Section 5, and the gain values above are 

chosen for convenient demonstrative purposes. It 

should be noted that the control authority imparted by 

the propulsion system will be applied as a continuous 

control signal subjected to the saturation limits pre-

sented in Section 2. While this is a simplification 

from the discrete-time nozzles firings that would ac-

tually occur, the propulsion system valves are able to 

operate at a relatively high frequency (5 Hz) as com-

pared to the time-scale on which the reorientation 

maneuver occurs. 

Settling time Ts is determined to be the first time 

at which, for all time t > = Ts, the Euclidean norm of 

the attitude error (equal to the principle rotation angle 

φ0) is bounded above by one percent of the maximum 

attitude error norm (herein referred to as φmax), as 

stated in the following definition: 

 
𝑇𝑠 = 𝑚𝑖𝑛{𝑡 | 𝜑(𝑟) ≤ 0.01 𝜑𝑚𝑎𝑥 , ∀𝑟 ≥ 𝑡} . 

 

Total fuel consumption will be determined as the 

amount of fuel spent from time t = 0 up to time t = Ts 

when the system state has achieved desired conver-

gence. This is accomplished using the standard rela-

tionship between mass flow rate and specific impulse 

(Isp), in which �̇� = 𝐹𝑡ℎ𝑟𝑢𝑠𝑡/(𝐼𝑠𝑝 ∗ 𝑔0). Note that the 

Isp for the Lightsey Space Research propulsion sys-

tem is 31 seconds, and g0 is the standard acceleration 

due to gravity, 9.8 m/s2. 

Because the ABPA controller does not necessari-

ly converge exponentially, the threshold constant k 

from the Lyapunov function differential equation in 

Equation (9) does not necessarily have a strict corre-

spondence to a time constant for the system as a 

whole. For this reason, the value for k was treated as 

a free parameter to be manually tuned for good per-

formance (fast settling time and low fuel consump-

tion). Note that a larger value of k indicates that the 

controller can only stop thruster actuation when fast-

er, more restrictive exponential convergence rates are 

being achieved in the open loop, while a smaller val-

ue of k allows thruster actuation to stop with slower, 

less restrictive exponential open-loop convergence 

rates. Manual testing of parameter values led to the 

choice of k = 0.059 to achieve reasonable perfor-

mance. 

 

4.2. PD Controller Performance 

Simulations were performed over a time period of 

120 seconds, the upper limit of what might be con-

sidered a reasonable settling time for the reorientation 

maneuver. Applying the PD controller to the rest-to-

rest attitude reorientation maneuver from the above 

initial conditions achieved state convergence well 

within the simulation time of 120 seconds. The atti-

tude error converged to within one percent of the 

maximum attitude error norm after an elapsed time of 

89.0 seconds, at which time 0.0762 grams of pro-
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pellant were spent in total. As seen in Figure 2, the 

attitude error converges smoothly, with the attitude 

error norm appearing to decrease monotonically over 

the course of the maneuver. 

The angular velocity, as seen in Figure 3, also ap-

pears to converge within simulation time with a 

smooth response, with a rate of convergence that ap-

pears similar to that of the attitude error. 

Examining the control torque and fuel consump-

tion, as seen in Figure 4, the control levels also con-

verge to zero. 

The smoothness of the state trajectories and the 

convergence of the control torque, settling within 

ninety seconds and using less than one tenth of a 

gram of fuel to perform the maneuver, support that 

the derived PD controller is suitable to use as a base-

line when evaluating the performance of the ABPA 

controller. 

 

4.3. ABPA Controller Performance 

Incorporating concepts of passive and active 

blending to the controller design, the ABPA control-

ler performance in analyzed over a simulation time of 

120 seconds. As seen in Figure 5, the attitude error 

achieves desired convergence with a settling time of 

Ts = 89.7 seconds, at which time a total of 0.0660 

grams of propellant was spent. 

The angular velocity, as seen in Figure 6, also ap-

pears to converge within simulation time. A notable 

difference in the angular velocity trajectory for the 

ABPA controller in Figure 6 as compared with that of 

the PD controller in Figure 3 is the period of time 

 

Figure 2. PD Controller: The attitude error vector settles to within 

one percent of the maximum attitude error norm by time Ts = 89.0 s. 

 

Figure 3. PD Controller: The angular velocity vector ad-

equately converges within simulation time. 

 

Figure 4. PD Controller: The control torque and the fuel expendi-

ture adequately converge within simulation time. 

 

Figure 5. ABPA Controller: The attitude error vector settles to within 

one percent of the maximum attitude error norm by time Ts = 89.7 s. 
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from t ≈ 5 seconds to t ≈ 30 seconds where the angu-

lar velocity changes very slowly. 

Examining the control torque response in Figure 

7, the time period when the angular velocity is slowly 

decreasing appears to align with the period of time 

where the control torque is turned off, indicating that 

the combination of internal energy and exogenous 

moments were sufficient for exponential convergence 

at those times. While there is some chatter observed 

from the control signal, it should be noted that the 

propulsion system being used can operate at 5 Hz, so 

this control signal would still be realizable. The slow 

rate of change of the angular velocity vector during 

this time period indicates that the satellite is effec-

tively coasting about the angular velocity axis in a 

direction of general decrease in attitude error. Around 

the time t ≈ 30 seconds, the satellite can no longer 

coast about the same angular velocity axis orientation 

while still decreasing the attitude error, and control 

must again be exerted to drive the system to the de-

sired state. When considering the implication for fuel 

savings, it is significant that the controller is turned 

off for roughly twenty-five seconds of the almost 

ninety total seconds needed to perform the maneuver. 

While the settling times for the PD and ABPA con-

trollers are within one second of each other, the 

ABPA controller demonstrates fuel savings of thir-

teen percent. 

It is also notable that the α portion of the control-

ler, which cancels out any exogenous moments con-

tributing to instability, does not activate until such a 

time as the states have almost settled. This can be ex-

plained by examining the exogenous moments, as 

seen in Figure 8. 

As seen in Figure 8, the exogenous moments are 

on the order of 10−7 Nm in magnitude, while the con-

trol torque levels are on the order of 10−4 Nm. In the 

particular maneuver performed above, only when the 

attitude error and angular velocity approach zero do 

the exogenous moment magnitudes of 10−7 Nm be-

come large enough to detract from system stability 

and require cancellation by the controller. The impli-

cations of this are further explored in Section 7. 

Although significant fuel savings are achieved 

with the ABPA controller for the particular initial 

condition above, it is important to investigate the per-

formance of the ABPA controller over a range of ini-

tial conditions. Simulating the thirty degree rest-to-

rest reorientation maneuver for fourteen different ini-

tial principle axes of rotation, the performances of the 

PD controller and the ABPA controller are recorded 

 

Figure 6. ABPA Controller: The angular velocity vector 

adequately converges within simulation time. 

 
Figure 7. ABPA Controller: Fuel expenditure and the active ν and 

exogenous α components of the control torque are shown above. 

The control torque does not reach saturation limits at any time, and 

fuel expenditure converges to a constant value. 
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and compared in Table 1. For the fourteen different 

initial conditions listed in Table 1, the ABPA control-

ler on average spends 90.8% of the fuel used by the 

PD controller while only taking 0.7% longer on aver-

age to adequately converge. It is important to note 

that, while the most of the cases in Table 1 the ABPA 

controller generally outperforms the PD controller, 

there are two exceptions where it performs worse 

both in time and in fuel consumption. In particular, 

there are two cases where the ABPA controller uses 

around one percent more fuel while taking twenty-six 

percent longer to converge. One explanation for this 

performance is that, while the ABPA controller de-

termined that there were portions of the maneuver 

that could achieve exponential convergence in the 

open-loop, convergence would have been achieved 

much more quickly if active control was applied dur-

ing those time durations; therefore, it is possible that 

even though less fuel was expended during those par-

ticular short-term portions of the maneuver with the 

ABPA control strategy, more fuel expenditure was 

required in the long term because of the extended 

time required to complete the maneuver due to slow-

er convergence rates. 

 

 Optimization 

 

In the previous section, it is shown that the ABPA 

controller provides an increase in fuel efficiency 

while maintaining time domain performance charac-

teristics for a particular set of gain and parameter 

values that were chosen, so that the PD controller 

achieved reasonable performance characteristics in 

the context of the science mission application. How-

ever, it is useful to investigate how the ABPA con-

 

Figure 8. ABPA Controller: All exogenous moments have magni-

tudes on the order of 10−7 Nm. 

Table 1. Comparison of PD and ABPA Performance for Different �̂�0 with φ0 = 30 Degrees at 500 km Altitude 
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troller performs compared to the PD controller, when 

both controllers are optimized against some objective 

performance criterion. This section will describe the 

development of an objective performance criterion 

based on a set of desired mission parameters and the 

development of an optimization scheme to determine 

gain and parameter values for both the PD and ABPA 

controllers. 

 

5.1. Objective Function and Mission Parameters 

Consider a mission plan for a 6U CubeSat satel-

lite performing rest-to-rest reorientation maneuvers to 

point the satellite in preparation for high bandwidth 

downlink with a ground station. This is not uncom-

mon for LEO science operations, in which large 

amounts of data are regularly transmitted to the 

ground. This problem is typically posed as a control 

problem in a relative frame, in contrast to pointing 

stabilization in the inertial frame, which is the form 

of the problem introduced in the stability proof. It 

should be noted that inertial pointing was chosen for 

this initial work to simplify the dynamics. Addition-

ally, consider the following desired mission charac-

teristics and objectives: 

 

 Satellite has initial onboard fuel reserves of 

200 grams of propellant 

 Each reorientation maneuver nominally takes 

30 seconds to perform 

 The satellite performs the reorientation ma-

neuver 10 times per day 

 The nominal mission lifespan is 24 months (2 

years) 

 Each maneuver must take no more than 45 

seconds to complete 

 Each maneuver must consume no more than  

0.5 g of fuel 

 

Let the settling time for a given reorientation ma-

neuver be given by Ts and let the nominal amount of 

time to perform the reorientation maneuver be given 

by Tnom = 30 s. Additionally, let the amount of fuel 

used for a reorientation maneuver be given by f. 

Based on lifespan characteristics and the initial  

amount of onboard propellant, let the average nomi-

nal fuel expenditure for each reorientation maneuver 

be given by 

 

𝑓𝑛𝑜𝑚 =
Initial fuel reserves

(Frequency of maneuver x Duration of Mission)
 

 

=
200 g

(10 maneuvers per day x 365 days per year x 2 years)
 

 
𝑓𝑛𝑜𝑚 = 0.0274 g . 

 

To optimize performance for time domain charac-

teristics and fuel consumption, consider an objective 

function J that minimizes some linear combination of 

system settling time Ts and fuel consumption f, given 

by 

 

J (Ts, f) = aTs + b f , 

 

where a and b are scalar weights for each parameter. 

In particular, let a be some scalar constant γ divided 

by the nominal settling time Tnom and let b be defined 

as the multiplicative inverse of the nominal fuel con-

sumption fnom such that 

 

𝐽(𝑇𝑠, 𝑓) =  𝛾 (
𝑇𝑠

𝑇𝑛𝑜𝑚
) +  

𝑓

𝑓𝑛𝑜𝑚
 . 

 

For the mission characteristics listed above, this 

would give a cost function of 

 

𝐽(𝑇𝑠, 𝑓) =  𝛾 (
𝑇𝑠

30 𝑠
) +  

𝑓

0.0274 𝑔
 . 

 

As a starting point, one could say abstractly that 

achieving lower fuel consumption could be valued 

over achieving faster settling times by a factor of 

two, leading to a value of γ = 0.5, giving the follow-

ing objective function formulation: 

 

𝐽(𝑇𝑠, 𝑓) =  0.5 (
𝑇𝑠

30 𝑠
) +  

𝑓

0.0274 𝑔 
 . 

 

Several values for the parameter γ will be consid-

ered in the analysis. 
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5.2. Optimization Scheme 

Due to the computational expense of the optimi-

zation, it would not be feasible to compute optimal 

gain parameters in real time whenever the satellite 

performs each reorientation maneuver. Therefore, the 

optimization is done over a wide range of initial con-

ditions to obtain gain parameters that on average give 

suitable performance for any initial condition. In par-

ticular, the cost function developed above will be 

minimized for some Ts,avg and favg, where Ts,avg is the 

average settling time and favg is the average fuel con-

sumption for the reorientation maneuvers performed 

over a range of initial conditions. The cost function is 

then given by 

 

𝐽 =  𝛾 (
𝑇𝑠,𝑎𝑣𝑔

𝑇𝑛𝑜𝑚

) +  
𝑓𝑎𝑣𝑔

𝑓𝑛𝑜𝑚

 . 

 

The performance is averaged over the same set of 

fourteen initial conditions seen above in Table 1, 

chosen so that the initial rotation axes are pointing 

roughly uniformly around the unit sphere. This is ob-

viously only a subset of possible conditions that will 

be encountered by the spacecraft, and there is still a 

chance that the optimized gains will not satisfy the 

constraints for a particular application. It cannot be 

guaranteed that the gains found by the optimization 

scheme are a true global optimum, but testing with 

fourteen initial conditions provides a good repre-

sentative sample for this first implementation of 

ABPA control. Recalling that the PD controller takes 

the form 

 
𝜏 = −𝑘𝑃𝐵𝑇(𝜎)(𝜎𝑒) − 𝐿 − 𝐾𝐷𝜔 , 

 

it is seen that the control torque τ depends on the 

choice of gain parameters kp and KD, for which the 

optimization scheme can determine values. By simu-

lating over the above-listed sample of initial condi-

tions and minimizing the cost function for average 

settling times and fuel consumptions, values for the 

proportional and derivative gains can be obtained that 

enable acceptable performance for a range of possible 

maneuver conditions. This leads to the optimization 

problem 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

𝑇𝑛𝑜𝑚
) + 

𝑓𝑎𝑣𝑔

𝑓𝑛𝑜𝑚
 . 

 

Additionally, it is useful to impose constraints on 

the performance that would be overly detrimental to 

the mission. In particular, in the mission characteris-

tics listed above, it is desired that there is a hard con-

straint for some maximum allowable settling time 

Tmax in order to ensure that the reorientation can be 

carried out in a reasonable amount of time to ensure a 

connection can be established with the ground sta-

tion. Additionally, there is a hard constraint that each 

maneuver consume less than some maximum amount 

of fuel fmax. This leads to the optimization problem 

 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

𝑇𝑛𝑜𝑚

) +  
𝑓𝑎𝑣𝑔

𝑓𝑛𝑜𝑚

 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 𝑇𝑚𝑎𝑥 

 
𝑓𝑎𝑣𝑔 ≤ 𝑓𝑚𝑎𝑥  . 

 

Substituting in the nominal and maximum settling 

times Tnom and Tmax and the nominal and maximum 

fuel consumptions favg and fmax from the mission 

characteristics above, the following optimization 

scheme is derived: 

 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

30 𝑠
) +  

𝑓𝑎𝑣𝑔

0.0274 𝑔
 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 45 𝑠 

 
𝑓𝑎𝑣𝑔 ≤ 0.5 𝑔  , 

 

which can be tuned for the objective function 

weighting parameter γ. 

The derivative gain KD will again be assumed to 

be a diagonal matrix with equal entries along the di-

agonal so that it can effectively be treated as a scalar 

and optimized as such. It was found through testing 

that proportional (kp) and derivative (KD) gain values 

above 0.3 tended to result in impractically high fuel 

consumption, while values below 0.01 tended to re-

sult in unreasonably long settling times. Restricting  



Autonomously Blended Passive and Active Control for a CubeSat-Class Science Mission 

 Copyright © A. Deepak Publishing. All rights reserved. JoSS, Vol. 7, No. 2, p. 747 

the search space to an area that gives reasonable per-

formance, limits are imposed on the range of values 

that kp and KD gains can take, with both values being 

restricted to be between 0.01 and 0.3. This leads to 

the problem 

 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

30 𝑠
) +  

𝑓𝑎𝑣𝑔

0.0274 𝑔
 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 45 𝑠 

 
𝑓𝑎𝑣𝑔 ≤ 0.5 𝑔 

 
𝑘𝑃 , 𝐾𝐷 ∈ [0.01, 0.3] . 

 

This minimization problem with constraints is 

solved using MATLAB's interior-point method as 

implemented via the fmincon function. fmincon is 

called with optional parameters OptimalityTolerance 

and StepTolerance set as 10-2 and 10-6, respectively. 

In general, it is not possible to distinguish between 

local minima of the function and a global minimum 

(if a unique global minimum exists). Therefore, using 

a numerical minimization method that utilizes gradi-

ent descent or related methods, it is important to 

solve the above optimization problem from several 

initial guesses of kp and KD. In particular, the optimi-

zation problem is solved for 250 different initial kp 

and KD guesses, each one randomly generated from a 

log-uniform distribution over the range 0.01 to 0.3. 
Solving this problem with MATLAB's fmincon 

with the above constraints, using a value for the tun-

ing parameter γ = 0.5, yields optimal kp
* and KD

* val-

ues of kp
* = 0.0200 and KD

* = 0.0556, which in turn 

yields the following average performance characteris-

tics: 

 

Ts,avg = 38.8 s 

 

favg = 0.134 g , 

 

with an overall minimum average objective function 

evaluation of J* = 5.47. 

Thus, the optimal gains for the above cost func-

tion characterization using the PD control law yielded  

settling times below 40 seconds and fuel consump-

tion on the order of tenths of a gram of propellant per 

maneuver. The average fuel consumption is much 

higher than the nominal value calculated previously, 

but the savings achieved as compared to the PD con-

troller would significantly extend the mission life. 

After obtaining optimal proportional and deriva-

tive gains, kp
* and KD

* respectively, a similar optimi-

zation problem can then be solved to minimize the 

cost function for the ABPA controller. Recall that the 

ABPA controller, with optimal kp
* and KD

* values, 

takes the form given in Equation (10) above.  

Note that the control torque τ depends on the 

threshold parameter k. Using the kp
* and KD

* values 

from the optimal PD controller, the parameter k can 

then be optimized to potentially show demonstrable 

performance improvement of the ABPA controller 

over the optimal PD control law. Note that rather 

than re-optimizing the proportional and derivative 

gains, only the parameter k will be optimized for; this 

is done to investigate whether a pre-existing control 

law with predetermined gains can be improved upon 

solely through the addition of the ABPA blending 

strategy without altering the parameters of the pre-

existing control law. To optimize for the parameter k, 

the following minimization problem, similar to the 

previous problem for the PD controller, can be 

solved: 

 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

𝑇𝑛𝑜𝑚
) + 

𝑓𝑎𝑣𝑔

𝑓𝑛𝑜𝑚
] 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 𝑇𝑚𝑎𝑥 

 
𝑓𝑎𝑣𝑔 ≤ 𝑓𝑚𝑎𝑥 . 

 

The value of the threshold parameter k determines 

what open-loop convergence rates are considered 

suitably fast that the thruster actuation can be turned 

off. It was found via testing that values of k below 0.1 

and above 0.3$ resulted in failure to achieve reasona-

ble performance. To confine the search space for the 

value of the parameter k, the value is thus restricted 

to be between 0.1 and 0.3. This leads to the con-

strained minimization problem 
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min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

𝑇𝑛𝑜𝑚

) +  
𝑓𝑎𝑣𝑔

𝑓𝑛𝑜𝑚

 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 𝑇𝑚𝑎𝑥 

 
𝑓𝑎𝑣𝑔 ≤ 𝑓𝑚𝑎𝑥 

 
𝑘 ∈ [0.1, 0.3] . 

 

Using the mission parameters above, the optimi-

zation scheme for the ABPA controller can then be 

formulated as 

 

min 𝑘𝑝𝐾𝐷  [𝛾 (
𝑇𝑠,𝑎𝑣𝑔

30 𝑠
) +  

𝑓𝑎𝑣𝑔

0.0274 𝑔
 

 
𝑇𝑠,𝑎𝑣𝑔 ≤ 45 𝑠 

 
𝑓𝑎𝑣𝑔 ≤ 0.5 𝑔 

 

𝑘 ∈ [0.1, 0.3] , 

 

which can be solved to find an optimal threshold pa-

rameter value k*. The performance of the optimal PD 

controller can then be compared to the optimal 

ABPA controller by simulating performance over a 

wide range of initial conditions and comparing set-

tling times and fuel consumption metrics. Because a 

unique global minimum is not guaranteed to exist or 

to be achievable, local optimization is performed for 

25 different starting values of k where the minimum 

cost function evaluation is taken to determine the op-

timal k value, with the k values generated randomly 

from a log-uniform distribution over the range 0.1 to 

0.3. 

Solving this problem with MATLAB's fmincon 

with the above constraints, a value for the tuning pa-

rameter γ = 0.5, and the previously obtained optimal 

kp
* and KD

* values yields an optimal k* value of k* = 

0.1285, which yields the following average perfor-

mance characteristics: 

 

Ts,avg = 38.6 s 

favg = 0.122 \g , 

 

with an overall minimum average objective function 

evaluation of J* = 4.85.  

Note that applying ABPA control to an already 

optimal PD controller still produces increased per-

formance with respect to the objective function 

above. In particular, the ABPA controller has a final 

objective function value that is 11% lower than that 

of the PD controller, outperforming it based on the 

objective function criterion. This manifests itself as a 

9% savings in fuel consumption and a settling time 

within 1% of that of the PD controller performance. 

This optimization is performed for four different val-

ues of the tuning parameter γ, the results of which are 

shown in Table 2. 

 

 Sensitivity Analysis 

 

One of the primary motivators for applying the 

ABPA blending strategies was to leverage interac-

tions with the space environment, particularly envi-

ronmental disturbance moments, to reduce required 

control authority. As was seen in the example simula-

tion results in Figures 7 and 8, the magnitude of the 

exerted control moment is approximately three orders 

of magnitude larger than that of the total exogenous 

moment experienced by the space-craft for the circu-

lar orbit at 500 km altitude. This indicated that the 

blending strategies applied in the ABPA con-troller 

for this orbital altitude were taking advantage of the 

internal system energy as the satellite coasted about 

its angular velocity axis more so than using the envi-

Table 2. Performance of PD and ABPA Controllers for Different Objective Function Tuning Parameter Values 
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ronmental moments as a source of control authority 

reduction. This is evidenced by the fact that disturb-

ance moments from solar radiation pressure, gravity 

gradient effects, and aerodynamic interactions were 

not required to be cancelled out for most of the satel-

lite maneuver. However, the magnitude of the total 

environmental moment can be expected to vary with 

altitude, particularly with the gravity gradient and 

aerodynamic components, both of which should be 

expected to increase with decreasing altitude. As 

such, it is useful to investigate whether these envi-

ronmental interactions for the 6U CubeSat mission 

significantly affect blending strategies applied by the 

APBA controller when operating at different orbital 

altitudes. 

An altitude sensitivity analysis is conducted for 

the 6U spacecraft in a circular orbit in which the per-

formance of the PD controller and the ABPA control-

ler is compared and the maximum magnitude of the 

total exogenous moment felt by the spacecraft is ex-

amined for a range of orbital altitudes. The analysis is 

performed over the orbital altitude range from 500 

km to 300 km, below which orbital decay from at-

mospheric drag interactions would prevent the satel-

lite from achieving a suitably long lifespan for the 

mission. The results of the analysis are shown in Ta-

ble 3. 

The altitude sensitivity analysis demonstrates that 

the performance of both controllers stays consistent 

over the range of altitudes, despite the fact that the 

maximum external moment felt by the spacecraft 

changes by an order of magnitude. In other words, 

even though the environmental disturbances increase 

drastically as the altitude decreases, the moments 

caused by these environmental disturbances are still 

dominated in magnitude by other aspects of the con 

trol strategy for both the conventional and the ABPA 

controllers. This supports the idea that the ABPA 

controller blending strategy is tapping into an effi-

ciency improvement primarily related to management 

of the internal system energy and momentum in the 

above maneuvers. 

 

 Discussion 

 

This investigation into ABPA control concepts 

initially aimed to explore a method for utilizing dis-

turbances from the space environment as a control 

advantage. As such, it is particularly striking that the 

ABPA controller designed herein has instead tapped 

into a much more significant effect to reduce the con-

trol requirements for the mission. Instead of relying 

on the exogenous moments as the primary authority 

in aiding state convergence, the ABPA controller 

took advantage of the internal kinetic energy of the 

system in tandem with relevant pointing error, allow-

ing the dynamics of the system to provide exponen-

tial convergence when possible. Furthermore, a sensi-

tivity analysis on mission altitude has demonstrated 

that the blending control strategy largely did not sig-

nificantly rely on the environmental moments at any 

altitudes reasonable for this particular 6U CubeSat 

science application in the above demonstrations. It is 

worth emphasizing that the performance improve-

ments are achieved primarily through a strategy that 

monitors and manages the internal energy and mo-

mentum of the system; in particular, the blending 

strategy that determines when the active PD control 

components are needed for stability is done fully au-

tonomously and without an explicit structure that 

schedules the controller switching. This ability of the 

controller to intelligently and autonomously manage 

its internal energy and momentum properties for state 

convergence is the key consequence of applying the 

ABPA strategy and the main agent of the achieved 

performance improvement. Recalling the commer-

cially-available components baselined for use in the 

design reference mission, it is not unreasonable to 

Table 3. Altitude Sensitivity Analysis for 6U Configuration Using γ = 0.5 kp = 0.02, KD = 0.0566, k = 0.1285 
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assume that the controller would be able to intelli-

gently manage system energy online, given the pro-

cessing power that has become typical of spacecraft 

operating in LEO. 

When applying ABPA blending strategies to the 

PD controller, the control strategy involves turning 

off the active controller when exponential conver-

gence is being achieved in the open loop. However, 

because the ABPA controller incorporates the PD 

control law into its active control component, asymp-

totic stability could be guaranteed for the control law 

but not exponential stability. As such, the threshold 

constant k from the Lyapunov function differential 

equation constraint in Equation (9) is not strictly re-

lated to a time constant for the system and must in-

stead be tuned either manually or via an optimization 

routine. Applying ABPA concepts to a control law 

that already guaranteed exponential stability, howev-

er, would allow a choice of the threshold constant k 

that more explicitly corresponded to desired perfor-

mance criteria. Namely, if the non-blended control 

law guaranteed exponential system convergence with 

respect to some time constant, the threshold constant 

k in the blended controller could be chosen so that 

time performance characteristics could be more rig-

orously guaranteed. Applying the blending design 

approach to a globally exponentially stabilizing ac-

tive controller would be a natural extension to this 

work. 

By incorporating the previously presented strate-

gy for blending passive elements of the spacecraft 

system with the conventional active PD-like control-

ler, it was demonstrated that fuel savings on the order 

of ten percent could be achieved without a significant 

decrease in time domain performance characteristics. 

Further, this level of improved performance was 

maintained when these blending strategies were ap-

plied to an optimal PD controller. As demonstrated 

above in Table 2, the ABPA controller yielded per-

formance that performed better than the PD controller 

alone with respect to an objective function that  

was linear in fuel consumption and settling time for 

every tested value of the objective function tuning  

parameter. It is interesting to note that the optimal 

ABPA controller tended to outperform the optimal 

PD controller either in fuel efficiency or in settling 

time but not both; if significant fuel consumption was 

achieved over the PD controller, settling times re-

mained largely unchanged, while a significant de-

crease in settling time could be achieved with near-

constant fuel efficiency. Notably, tuning parameters 

with values of γ = 0.25 and γ = 0.5 resulted in fuel 

savings of near ten percent, while parameter values of 

γ = 1 and γ = 8 resulted in improved settling times of 

near thirty-five percent. 

For the values of the parameter γ that demonstrat-

ed fuel savings, the optimal ABPA controller offered 

average propellant savings per maneuver on the order 

of 0.01 grams when compared to the optimal PD con-

troller. It is worth noting that, in the context of the 

mission, fuel savings on the order of 0.01 grams per 

reorientation maneuver can be significant, in that this 

will directly impact the number of reorientations that 

can be achieved over the life of the mission. If reori-

entation maneuvers are performed ten times per day, 

this can result in total savings in the neighbor-hood of 

40 grams of propellant per year. If the CubeSat mis-

sion begins its mission with an initial fuel mass of 

only 200 grams, this constitutes significant fuel sav-

ings and can contribute to a substantial increase in the 

lifespan of the mission if duration is limited by avail-

able fuel mass. 

The comparison between the PD-type controller 

and the ABPA controller would be further bolstered 

in the future by performing a Monte Carlo analysis of 

the control problem. This provides some insight into 

the comprehensive robustness of the ABPA control-

ler to variations in initial conditions, and would pro-

vide for a deeper exploration of the design space. 

Additionally, there would be value in introducing a 

second controller against which to compare the 

ABPA controller, such as a feed-forward controller. 

A feed-forward controller is a particularly appealing 

candidate for future comparison, given that such con-

trollers are designed to accommodate environmental 

behavior. 
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 Conclusion 

 

By designing a controller that autonomously de-

termines when system energy is sufficient to stabilize 

the system, the ABPA controller provides a marked 

improvement in the performance of a satellite rest-to-

rest attitude reorientation maneuver. When compar-

ing the optimal ABPA controller to the optimal PD 

controller with respect to a linear objective function 

in settling time and fuel efficiency, the ABPA con-

troller resulted in objective function evaluations that 

were on average seven percent lower than the PD 

controller counterparts. This reduction in the objec-

tive function evaluation manifested itself either as 

fuel efficiency improvements of near ten percent or 

decreases in settling times of around thirty-five per-

cent. 

Despite the initial conjecture that the blending 

strategies herein would leverage interactions with the 

space environment for performance improvement, it 

was instead demonstrated that the ABPA control 

strategies for this space-craft mission tapped into a 

much more significant source for performance im-

provement, namely utilizing the internal energy of 

the system to augment the active control. Although 

the environmental interactions were largely dominat-

ed for this particular application, an important exten-

sion to this work would be to apply the ABPA strate-

gies to a mission that interacted with environmental 

disturbances of a much larger relative magnitude. 

Additionally, an important area of continued investi-

gation would be to explore the efficacy of ABPA 

strategies applied to spacecraft of different sizes and 

geometries, potentially exploring beyond CubeSats 

into common geometries of other space-craft classes. 

Exploring the properties of controller robustness and 

sensitivity to changes in spacecraft parameters also 

constitutes an important area of extension to this 

work, along with studying the impact of discrete-time 

propulsion system valve firings. The demonstration 

herein of the viability of the ABPA control strategy 

and the potential for significant performance im-

provements over traditional controllers suggests that 

the method of autonomously blending passive and 

active controls shows promise for significantly im-

pacting the field of spacecraft attitude control. 
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