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ABSTRACT  

The Large Ultraviolet / Optical / Infrared (LUVOIR) mission concept intends to determine not only if habitable exoplanets 

exist outside our solar system, but also how common life might be throughout the galaxy. This surveying objective implies 

a high degree of angular agility of a large segmented optical telescope, whose performance requires extreme levels of 

dynamic stability and isolation from spacecraft disturbance. The LUVOIR concept architecture includes a non-contact 

Vibration Isolation and Precision Pointing System (VIPPS), which allows for complete mechanical separation and 

controlled force/torque exchange between the telescope and spacecraft by means of non-contact actuators.  LUVOIR also 

includes an articulated two-axis gimbal to allow for telescope pointing while meeting sun-pointing constraints of the 

spacecraft-mounted sunshade. In this paper, we describe an integrated pointing control architecture that enables large-

angle slewing of the telescope, while maintaining non-contact between telescope and spacecraft, in addition to meeting 

the LUVOIR line-of-sight agility requirement. Maintaining non-contact during slews preserves telescope isolation from 

spacecraft disturbances, maximizing the availability of the LUVOIR observatory immediately after repositioning 

maneuvers. We show, by means of a detailed multi-body nonlinear simulation with a model of the proposed control 

architecture, that this non-contact slew performance can be achieved within the size, weight and power capabilities of the 

current voice coil actuator designs for the LUVOIR mission concept.  

Keywords: LUVOIR, non-contact, vibration isolation, ultra-stable, disturbance-free payload 

1. LUVOIR AND TELESCOPE DYNAMIC STABILITY  

LUVOIR’s dynamic stability performance is mainly driven by two competing requirements: 1) wavefront error (WFE) 

stability of less than 10 picometers RMS of uncorrected system WFE per wavefront control step and 2) line-of-sight agility 

requirement which states the observatory shall be able to repoint anywhere in anti-sun hemisphere in 45 minutes (goal: 30 

minutes). A high-performance isolation system is required that is capable of supporting both agility and WFE stability 

requirements without latching or otherwise changing its isolation performance level. To achieve the required level of 

vibration isolation from spacecraft disturbances (such as control-moment gyroscopes and thrusters), LUVOIR is assessing 

the implementation of a Disturbance Free Payload (DFP) architecture; a non-contact vibration isolation system developed 

and patented by Lockheed Martin1. For LUVOIR, this architecture is called the Vibration Isolation and Precision Pointing 

System (VIPPS). Previous DFP study2 based on linear, rigid-body dynamics of LUVOIR, with realistic and conservative 

linear model of residual coupling effects across the non-contact interface showed a broadband rigid-body angular isolation 

of greater than -87 dB, with isolation greater than -110 dB for disturbance frequencies higher than 10 Hz. As part of the 

2017 Cooperative Research between NASA and Lockheed Martin, Lockheed Martin has developed a 6-DOF nonlinear 

multi-rigid body simulation model capable of simulating large-angle slewing of the telescope. This simulation model is 

used to verify that the proposed non-contact control architecture in this paper is capable of meeting the line-of-sight agility 

requirement. The simulation results will also show that the required non-contact slew performance is achievable with the 

current non-contact actuator designs for the LUVOIR mission concept. In a separate paper3, a preliminary jitter analysis 

is done for LUVOIR using the non-contact VIPPS.     
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2. LUVOIR RIGID BODY MODEL  

In this paper, an early version of LUVOIR’s Architecture A is considered as the candidate architecture which involves a 

15-meter segmented Primary mirror aperture. The overall LUVOIR observatory is shown in Figure 1. The Backplane 

Support Frame (BSF) includes a 2-DOF gimbal mechanism which allows for pointing of the telescope relative to the rest 

of the observatory. Since this model was developed, updates to Architecture A concluded modifications to the gimbal 

mechanism that were not included in this analysis. While the gimbal has two angular degrees of freedom, only one 

(controlling telescope pitch above the sunshield) is assumed to be used for observatory repositioning. The major 

components of the BSF are shown in Figure 2. Outboard of the gimbal, the VIPPS connects the payload to the spacecraft 

while providing vibration isolation and pointing.  

 

Figure 1. The 15-meter LUVOIR Observatory architecture.  

 

 

Figure 2. The LUVOIR Backplane Support Frame (BSF).  
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For the purposes of this paper, the LUVOIR observatory can be simplified into three rigid bodies: payload module, 

spacecraft module, and the link body between the gimbal mechanism and the VIPPS interface. The payload module 

comprises the entire assembly of components that are outboard of the VIPPS (including the telescope, optical bench and 

other components). The spacecraft module comprises of the remainder of integrated spacecraft structure that is inboard of 

the 2-DOF gimbal, including the gimbal mechanism. A link body connects the gimbal mechanism to the VIPPS interface. 

Figure 3 shows the rigid body free-body-diagram for LUVOIR. Node G represents the gimbal and node J represents the 

VIPPS interface. Note that the payload module is physically separated from the rest of the telescope, and exchanges forces 

and torques through non-contact actuators, such as voice coil actuators (VCA), at the VIPPS interface.  

 

Figure 3. The LUVOIR Rigid Body Free-Body-Diagram  

Figure 4 shows the coordinates systems used in this paper. Spacecraft Coordinate System (S) has an origin at the center of 

LV interface, with S3 axis aligned with the long side of the sunshield and S1 axis aligned parallel to tower assembly. 

Payload Coordinate System (P) has an origin at the gimbal node G and aligns P1 axis with telescope boresight. Payload 

gimbal motion about payload P2 axis. Both coordinate systems are aligned when gimbal angle is 0 degree, as shown in 

Figure 4.  

 

Figure 4. The LUVOIR Coordinate Systems 
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3. LUVOIR DYNAMICS MODEL AND SLEW SIMULATION  

3.1 Control Architecture: Steady-state Observation vs. Repointing/Slewing   

The control system architecture for the LUVOIR observatory is based on the Disturbance Free Payload architecture [1], 

and takes maximum advantage of the non-contact interface between payload and spacecraft, when the system is both 

performing a steady-state observation and executing an angular slew from one LOS to another. Insight into the control 

architecture can be gained by considering the signal diagrams that map sensor measurement to actuators, through real-time 

software control functions. The first signal architecture considered is shown in Figure 5, and illustrates the signal mapping 

when the observatory is in steady-state pointing mode to a science target. In this mode, a LOS error signal is directly 

observed through the science instruments, either from a low-order wavefront sensor (LOWFS) or the High Definition 

Imager (HDI). It is assumed here that these error signals are available at a maximum sample rate of 500 Hz, as indicated 

in Figure 5. This error measurement drives a high-bandwidth LOS control loop, which is closed by actuating a Fast Steering 

Mirror (FSM). The measurement of the local FSM angles (relative to a mechanical null), together with a telescope 

boresight roll measurement derived from payload star tracker measurements, are used to derive a 3-DOF attitude error of 

the overall payload. This attitude error then operates through a payload attitude controller and results in commands to non-

contact actuators (NCAs) at the VIPPS interface. Finally, non-contact sensors at the VIPPS interface provide full 6-DOF 

relative translation and rotation error information; this measurement drives an interface error estimation filter, which then 

is operated on by a spacecraft/payload relative control block. The estimated relative attitude error is used to drive the 

control moment gyroscopes (CMGs) of the spacecraft, to ensure that stroke and gap at the interface are maintained. For 

the baseline LUVOIR A architecture, the “3-DOF” option of Figure 5 is also exercised, in which the relative translation 

error is used to derive an interface control force to maintain translational alignment at the interface. An alternative “6-DOF 

option” is shown in Figure 5, in which the estimated relative translation error drives thrusters on the spacecraft, is a possible 

architecture variant, but implies greater thruster propellant consumption, and so is not the current LUVOIR baseline. 

 

Figure 5. LUVOIR Steady-State Observation Control Architecture  

During a repositioning slew, payload LOS error cannot be derived from science instruments, and is based entirely on 

payload star trackers, as shown in Figure 6. In this implementation, a time-varying attitude slew profile is pre-programmed 

or computed in real-time software, and that profile, together with a payload attitude estimate, is used as input into a payload 

attitude control block, which then applies an interface torque by actuating the VIPPS NCAs. Like the architecture for 

steady-state pointing summarized in Figure 5, the non-contact VIPPS sensors are used to derive a torque on the CMGs and 

the gimbal motor (in their respective appropriate degrees of freedom), to ensure that stroke and gap at the interface are 

maintained. Again, there are two architecture options (a 3-DOF and a 6-DOF option), depending on whether thrusters are 

participating in the non-contact control architectures, but the baseline 3-DOF option is assumed for LUVOIR. 
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Figure 6. LUVOIR Repointing and Slewing Control Architecture 

Finally, as a simple alternate for assessing the agility of LUVOIR with a non-contact interface, a simplified signal 

architecture of Figure 7 is possible, and is the architecture that was used in this study. In this signal flow, the VIPPS NCAs 

are entirely driven in both 3-DOF force and 3-DOF torque by the VIPPS non-contact sensors, essentially creating a soft, 

electro-magnetic interface. Gimbal servo control and spacecraft attitude control are separately driven by their own local 

control systems, based on slew profiles that effectively result the observatory slewing from an initial LOS to a final LOS. 

While the signal architecture of Figure 7 is less desirable than Figure 6 from the perspective of propagation of noise into 

the payload, it is sufficient for studying the ability of a non-contact interface to support LUVOIR agility requirements. 

 

Figure 7. LUVOIR Repointing and Slewing Alternative Control Architecture 
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A detailed nonlinear multi-rigid body simulation model is developed using MATLAB’s Simscape Multibody tool. This 

simulation model uses the slew control architecture in Figure 7, and it formulates and solves the nonlinear equations-of-

motion for the spacecraft and the payload rigid-body dynamics. In this model, a command generator computes trajectory 
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commands for the three angular degrees of freedom of the spacecraft such that the spacecraft only rolls around the sun 

pointing axis S1 and the angular motion around S2 and S3 axes are commanded to zero. The command generator also 

computes the trajectory command for the pitch axis of the gimbal. Through combination of spacecraft roll around S1 and 

gimbal pitch around S2, the payload can be positioned anywhere in the anti-sun hemisphere. These command profiles are 

then processed by the three control loops in Figure 7, which will send force and torque commands to the gimbal, VIPPS 

interface and reaction wheels. The spacecraft attitude loop consists of feedforward and PID feedback control logic and 

uses signals from the spacecraft attitude sensors to compute the reaction wheels torque command. The relative attitude and 

relative translation control loops consist of PID control logic that use signals from the non-contact interface sensors to 

compute the force and torque applied to the VIPPS interface. The gimbal control loop also consists of feedforward and 

PID feedback control logic, and computes the gimbal torque command based on the signal from the gimbal angle sensor. 

Coupling effects across the VIPPS interface are also modeled which include power and/or data cables stiffness as well as 

the damping effects from the non-contact voice coil actuators. This simulation package is also capable of producing an 

interactive 3D animation of the telescope during slew simulations. Figure 8 shows the 3D model of LUVOIR in the 

Simscape Multibody environment.   

 

Figure 8. LUVOIR 3D Model  

Table 1 summarizes relevant physical parameters associated with the observatory. Note that the mass properties are 

preliminary values available at this stage of the LUVOIR concept study. Table 2 shows the baseline VIPPS control design 

parameters. In this preliminary controller design, conservative control bandwidths are chosen to avoid interaction between 

control and structural dynamics.  

Table 1. Physical Parameters  

Physical Parameter Value, Units Basis of Value or Note 
Spacecraft mass 3854 kg NASA Estimate 

Payload mass 20192 kg NASA Estimate 

Spacecraft central inertia 

matrix 
I
11

=2.8e5, I
22

=2.1e5, I
33

=9.6e4 kg-m
2

  
NASA Estimate 

Payload central inertia matrix 
I
11

=3.0e5, I
22

=5.7e5, I
33

=4.9e5 kg-m
2

  
NASA Estimate 

Payload I/CM
P
 position [8.3740, 0.0346, 2.5350] m NASA Estimate 

Spacecraft I/CM
S
 position [-4.58, 0.0, 0.0378] m NASA Estimate 

Interface cable stiffness Conservative stiffness and damping assumed, based on JWST; CBE are 8 SpaceWire, 

2 1553, and 10 pairs of 10AWG stranded copper wire Interface cable damping 

VCA coupling damping LM modeling of custom large stroke/gap VCA using ANSYS Maxwell 

VCA configuration  6 VCAs; 3 pairs separated by 120 degrees around a circular DFP interface.  

In each pair, VCAs are separate by 0.05 meters.  

DFP interface radius  1 meter 
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Table 2. Controller Design Parameters   

Controller  Description 
Spacecraft attitude PID, bandwidth = 0.01 Hz; rate estimator 

bandwidth = 0.1 Hz 

Interface relative 

attitude 

PID, bandwidth = 0.1 Hz; rate estimator 

bandwidth = 50 Hz 

Interface relative 

translation 

PID, bandwidth = 0.06 Hz; rate estimator 

bandwidth = 600 Hz 

Gimbal angle PID, bandwidth = 0.03 Hz; rate estimator 

bandwidth = 0.3 Hz 

 

3.3 Voice Coil Actuator Design  

The VIPPS architecture uses a set of 6 non-contact voice coil actuators (VCAs) to produce forces and torques across the 

VIPPS interface. These actuators must accommodate relative motion between the payload and the rest of the spacecraft. 

Two separate VCA designs were considered for the cases where the interface radius is either 1 meter or 2 meters; in these 

two cases, the required actuator stroke is ±10 or ±20 mm in all directions, respectively. Therefore, the actuators are 

designed with relatively large gaps to accommodate 6-DoF relative motion at the interface without mechanical contact. 

Each VCA includes two redundant coils driven by redundant drive electronics. 

The shape and size of the VCA field and coil assemblies are subject to tradeoffs between motor constant (i.e. the force 

produced by a given electrical power), nonlinearity (the change in force over stroke), and mass: to increase the motor 

constant it is required to increase nonlinearity or mass, or both. The selected designs were chosen to minimize the mass 

while achieving a peak force of at least 20 N, a peak power draw of less than 100 W, and a nonlinearity of less than 10%. 

Additionally, the coil wire sizes were chosen so that the coil current and voltage did not exceed 10 A and 24 V. The VCA 

performance characteristics were calculated by nonlinear magnetic finite element analysis using ANSYS Maxwell 

modeling software.  

The resulting VCA design and performance data are summarized in Table 3. The 2-meter radius design is larger and more 

massive to accommodate the larger stroke, but it also has a higher motor constant, higher peak force, and lower power 

consumption. At the design force of 20 N, the 1-meter radius design draws current, voltage, and power of 3.64 A, 12.3 V, 

and 44.8 W, while the 2-meter radius design draws 3.00 A, 10.0 V, and 30.0 W. 

Table 3. Voice-Coil Actuator (VCA) Parameters  

VCA Parameter Units Value, 1-m radius Value, 2-m radius 
Stroke (all directions) mm ±10.0 ±20.0 

Dimensions, Field Assembly mm 103.5 × 103.5 × 93.2 159.9 × 159.9 × 132.1  

Mass, Field Assembly kg 2.14 4.90 

Mass, Coil Assembly kg 0.33 1.00 

Peak Force N 29.3 36.0 

Motor Constant N·W-1/2 2.99 3.65 

Nonlinearity (over stroke) % ±3.8% ±4.1% 

Coil Resistance Ω 3.38 3.34 

Damping (eddy current) N·s·m-1 0.16 0.10 

3.4 Large-Angle Slew Simulation Results and Performance  

In this section, two slew scenarios are studied to show the diversity of the developed simulation model and its capability 

in simulating any slew scenario with any initial and terminal angular conditions. Additionally, for each slew scenario, the 

required VCA peak force and gap/stroke are calculated and compared to the current VCA designs for LUVOIR. For all 

slew scenarios the VIPPS interface radius is 1 meter.  

Large-Angle Slew Scenario 1:  

The first slew scenario is an extreme case of combined slew where the spacecraft sunshield rotated 180 degrees around 

the sun pointing axis S1 and the gimbal rotates 90 degrees from the deployed position to the upright position. The initial 
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and terminal angular conditions are summarized in Table 4. Although this is not a practical slew scenario, it is studied as 

a worst case repositioning scenario to show that the VIPPS controller meets the line-of-sight agility requirement under this 

extreme condition. Figure 9a) shows the command profiles for the gimbal and spacecraft, and Figure 9b) shows the angular 

rates for the command profiles.    

Table 4. Slew Scenario 1 Angular Conditions  

Initial Angular 

Condition  

Final Angular 

Condition  

SM 0𝑜 around sun

pointing axis 

180𝑜 around sun

pointing axis  

Gimbal 90𝑜 0𝑜

    9a)  9b) 
Figure 9. Slew Command Profiles   

Figure 10 shows the non-contact interface force and torque calculated by the DFP control law. Figure 11a) shows the non-

contact actuator force commands generated by the distribution law. Figures 11b)-11d) show the axial stroke and the two 

radial strokes required for the non-contact actuators to generate pointing force and torque to the telescope. According to 

Figure 11, the peak VCA force per actuator is 11 N, and the peak axial stroke and radial stroke per actuator is 0.38 mm 

and 0.41 mm, respectively. Such non-contact slew performance is within operational range of the 10 mm VCA design 

presented in section 3.3. Using 10 mm VCA design, the required peak current per actuator for this slew is 2.0 A and the 

required peak power per actuator is 13.5 W.   

 10a)  10b) 

Figure 10. Interface force and torque computed by the relative attitude control and relative translation control 
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11a)          11b) 

11c)          11d) 

Figure 11. Non-contact actuator force and gap/stroke 

Large-Angle Slew Scenario 2: 

The second slew scenario is one with arbitrary initial and final angular condition. In this slew scenario, as summarized in 

table 5, the spacecraft slews for 110 degrees from an initial angular condition of 45 degrees around the sun pointing axis 

S1, and the gimbal rotates 50 degrees from initial angle of 70 degrees from the upright position Figure 12a) shows the 

command profiles for the gimbal and spacecraft, and Figure 12b) shows the angular rates for the command profiles.   

Table 5. Slew Scenario 2 Angular Conditions  

Initial Angular 

Condition  

Final Angular 

Condition  

SM 45𝑜 around sun

pointing axis 

155𝑜 around sun

pointing axis  

Gimbal 70𝑜 20𝑜
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            12a)           12b) 

Figure 12. Command profiles   

Figure 13 shows the non-contact interface force and torque calculated by the DFP control law, which are then converted 

to non-contact actuator force commands through the distribution law. Figure 14 a) shows the non-contact actuator force 

commands generated by the distribution law. Figure 14b)-14d) show the axial stroke and the two radial strokes required 

for the non-contact actuators to generate pointing force and torque to the telescope. Figure 14, the peak VCA force per 

actuator is 16 N, and the peak axial stroke and radial stroke per actuator is 0.72 mm and 0.73 mm, respectively. Such non-

contact slew performance is within operational range of the 10 mm VCA design presented in section 3.3. Using 10 mm 

VCA design, the required peak current per actuator for this slew is 2.91 A and the required peak power per actuator is 28.6 

W.     

 
            13a)                        13b) 

Figure 13. Interface force and torque computed by the relative attitude control and relative translation control    
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          14a)                   14b) 

 
          14c)                   14d) 

Figure 14. Non-contact actuator axial and radial stroke  

4. CONCLUSIONS AND FUTURE WORK 

In this paper, a non-contact pointing control architecture was presented that enables large-angle slewing of the telescope 

while meeting the LUVOIR line-of-sight agility requirement. A nonlinear multi-body rigid body simulation model was 

developed to show that the proposed control architecture is capable of meeting LUVOIR’s line-of-sight agility requirement 

while maintaining non-contact between telescope and spacecraft. The non-contact slew performance, in terms of voice 

coil actuator peak force and peak gap/stroke, was shown to be achieved within the current voice coil actuator designs for 

the LUVOIR mission concept. Maintaining non-contact at the interface during repositioning is expected to be a mission 

discriminator for LUVOIR, leading to improved observatory availability and mission through put; quantifying this benefit 

will be the focus of future work. In addition, future collaborative research between Lockheed Martin and NASA Goddard 

Space Flight Center will study LOS and WFE stability performance after slew using full structural dynamics model of the 

observatory.  
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