Spacecraft Subsystems Overview

A spacecraft is a system: a combination of components that collectively perform a function. To
begin to understand such a complex system, it is useful to consider the primary subsystems.
The subsystems of a spacecraft each contribute a different piece of the functionality required for
the system to achieve its desired capability.

Because every spacecraft is different and might have a unique mission, subsystems can vary
between spacecraft. However, some common functions are generally required and will be found
on most or all spacecraft.

Attitude Control and Determination Subsystem (ACDS)

Attitude refers to the three-dimensional orientation of the spacecraft. The spacecraft’'s attitude
can be significant in many ways, such as affecting the spacecraft’s trajectory, communications
and pointing, etc. It is important for the spacecraft to be able to know and control its attitude.

The subsystem responsible for this might have a different but similar name like Attitude
Determination and Control Subsystem (ADCS) or Attitude and Articulation Control Subsystem
(AACS).

In order to control its attitude, the spacecraft has to first be able to tell what its attitude is. This
requires sensors. Sensors are components of the subsystem that can take in and communicate
information about their environment. In the ACDS, these sensors might be star trackers or sun
sensors, which can use the location of celestial bodies to provide a reference for the
spacecraft’s orientation. Another type of sensor might be an inertial reference unit. These units
commonly use gyroscopes to measure how the spacecraft’s orientation and position have
changed over time. Ideally, the information from multiple sensors is combined to calculate the
attitude determination solution.

Once the attitude solution is determined, the spacecraft has to be able to control the attitude as
needed. This is achieved via the use of actuators that can rotate the spacecraft. There are many
types of actuators that can be employed for this purpose. One type of common actuators are
thrusters, which can be fired to produce an external torque on the spacecraft. This torque acts
to change the overall angular momentum and to reorient the spacecraft. Usually, thrusters are
fired in pairs to prevent an undesired net force on the spacecraft, and thrusters must be
provided along all three axes of motion for full attitude control.

Many actuators involve the use of spin to take advantage of the conservation of angular
momentum, which is conserved in the absence of an external torque. These include momentum
or reaction wheels, which can be spun up by an electric motor and cause the spacecraft to
counter-rotate to conserve momentum. Reaction wheels must be provided in at least three
directions for full attitude control. Alternatively, control moment gyroscopes (CMGs) use a



spinning rotor and a gimbal for a similar purpose. CMGs can exchange angular momentum by

tilting without changing their rotation speed, and they are far more power efficient than reaction
wheels. CMGs can also provide control around two axes, so only two CMGs are needed for full
attitude control.

Propulsion Subsystem

Propulsion is the action of pushing an object forward, and this is the function of the propulsion
subsystem—to move the spacecraft. In-flight propulsion for a spacecraft might be needed for
trajectory corrections, stationkeeping, orbit insertion, etc. Propulsion might also be used in
conjunction with the ACDS for providing stabilization or spin control. Propulsion engines are
typically rated by the amount of thrust they can provide, ranging from small 1-newton thrusters
to larger engines that can provide hundreds of newtons.

Most types of in-flight propulsion rely on the use of a propellant and the action-reaction concept
of Newton’s third law. As propellant is expelled in one direction, the spacecraft moves in the
other direction.

Chemical propulsion systems use a chemical reaction, typically the burning of fuel, to produce
the energy that accelerates the propellant to produce thrust. The system might be
monopropellant, using just a single fluid, typically hydrazine. Bi-propellant systems use both a
fuel and an oxidizer to produce thrust, which might be hydrazine and nitrogen tetroxide or, with
cryogenic storage, hydrogen and oxygen. This cryogenic hydrogen could also be heated via an
onboard-nuclear reactor in a nuclear thermal propulsion system.

Similar to bi-propellant liquid propulsion, a fuel and oxidizer can be bound together in a solid
material. These solid propellants, when ignited, produce high temperature, high pressure gas
that can be exhausted through a nozzle to provide thrust. Hybrid propellant systems combine
these methods, using a solid-propellant fuel and a liquid or gas oxidizer.

Electric propulsion systems use electrical power—produced via solar panels, an on-board
nuclear reactor, or other power source—to accelerate propellant. The conversion from electrical
to kinetic energy is accomplished via electrothermal, electrostatic, or electromagnetic
acceleration and requires the use of a power processing unit to produce the required voltages.
Electric propulsion usually uses much higher speeds and lower mass for the propellant than
chemical propulsion. lon propulsion systems are a type of electric propulsion, where the
propellant (usually xenon) is ionized by electron bombardment and then accelerated out of the
thruster.

In general, chemical propulsion can provide large thrust in a short period of time, while electric
propulsion is more fuel efficient but produces lower thrusts. Electric propulsion is ideal for
low-gravity environments and missions with long transit times.

Some propulsion systems remove the need for propellant entirely by making use of the ambient
environment in space. Light sails, which use large reflective membranes to reflect photons and



generate thrust, are an example of a propellantless propulsion system. Other examples include
electrodynamic tethers or aerodynamic drag. These types of systems exist to date only as
technology demonstrations.

Electrical Power Subsystem (EPS)

Between computers, sensors, instruments, and a multitude of other devices, a spacecraft
requires some amount of electrical power for its operation. The electrical power subsystem is
responsible for the supply and distribution of power to all the components that require it. To
accomplish this function, the EPS needs to be able to generate and store power while regulating
and controlling its distribution.

Two common power sources onboard small spacecraft are photovoltaics and radioisotope
power systems. Photovoltaics convert light into electricity, usually in the form of solar panels that
receive light from the sun to produce power. These solar panels might be made from crystalline
silicon or gallium arsenide and need to be articulated to receive direct sunlight. Radioisotope
power systems convert heat from the decay of radioactive materials into electricity, usually in the
form of a Radioisotope Thermoelectric Generator (RTG). The fuel pellets containing
plutonium-238 are a heat source as they decay, and thermocouples convert that heat to
electricity. RTGs continually produce power without consideration of the distance and direction
to the sun. However, as the fuel decays over time the amount of power produced also
decreases.

Large spacecraft, particularly those used in human spaceflight, might use a fuel cell for power
generation. A typical alkaline fuel cell produces energy via a chemical reaction by combining
hydrogen and oxygen. The reaction produces water and heat as waste, both of which can be
reused onboard the spacecraft. Primary batteries, which are charged prior to a mission and
cannot be recharged, can be used as a power source. However, these are only suitable for
short-duration missions.

Power is not always needed at the moment it is generated, and more power might be needed
than can be generated by the power source at a given point in time—particularly with solar
panels that may not always be receiving sunlight. Thus power storage is needed onboard, and
this is accomplished via rechargeable secondary batteries. Nickel-cadmium batteries are
generally used, though lithium-ion batteries have become increasingly common. A thermal
battery might also be used to store energy. Thermal batteries do not start to discharge until
activated and can remain inert until needed for many years.

Different components onboard the spacecraft have differing voltage requirements. The EPS
must be able to provide power as needed, which includes conditioning the power to the required
voltage levels and converting between direct current (DC) and alternating current (AC) power.
The power subsystem also dissipates unneeded power, usually via a shunt regulator, and
controls access to the main electrical bus via relays that can be switched on or off for various
components.



Telecommunications Subsystem

The purpose of the telecommunications subsystem is to allow the spacecraft to communicate
externally, whether that be to a ground station or another spacecraft. This is typically
accomplished by a combination of antennas, receivers, transmitters, and other equipment.

Antennas are devices that can send and receive radio waves. Antennas used in spacecraft
telecommunications might be high gain, medium gain, or low gain, where gain refers to how well
the antenna converts between radio power and electrical power. High-gain antennas usually
incorporate a dish and are used for focused, long-range communications, while low-gain
antennas have a large area of coverage suitable for use over short ranges. Medium-gain
antennas represent a middle ground with wider coverage angles than high-gain antennas but
more gain than low-gain antennas. While typically radio antennas have been used onboard
spacecraft, ongoing advances in optics technology are developing the use of optical antennas,
which send and receive much higher frequency waves, with corresponding benefits in the data
rate and signal-to-noise.

To enable communication, antennas are connected to receivers and transmitters. A transmitter
generates the carrier wave at a given frequency that is transmitted by the antenna, usually after
being boosted in a power amplifier. The carrier wave can be transmitted pure or be modulated
to transmit data. This spacecraft-to-ground signal is called the downlink; the signal going to the
spacecraft is the uplink. A receiver detects signals at a given frequency for the uplink and
passes it on to be demodulated. The receiver and transmitter can work together to create a
coherent two-way signal, which uses the received frequency to determine the transmission
frequency, creating a more stable downlink. The receiver and transmitter on a spacecraft are
commonly combined into a single component called a transponder.

The communication signals onboard the spacecraft not only have to be modulated for
transmitting data and demodulated for receiving data—which can be accomplished via
hardware components or a software-defined radio—but they may also need to be encrypted and
decrypted.

Mechanical Subsystem

The mechanical subsystem is responsible for deploying equipment after launch. Typically, these
deployments, once initiated, are uncontrolled. Common functions of the mechanical subsystem
include deploying parachutes, removing instrument covers, unrolling solar panels, and
separating the spacecraft from the launch vehicle or launch adapter. The mechanical subsystem
may also include components related to entry, descent, and landing (EDL).

Pyrotechnic devices are a common method for initiating mechanical processes. When activated
by an electrical signal, the pyro produces an explosive charge that can be harnessed to provide
a one-time, high-speed impulse. The pyro’s effect might be used to change the position of a
valve, disconnect an electrical circuit, release a bolt, etc. While pyros have the advantage of
being reliable and lightweight, they can only be used once and can cause mechanical shocks



onboard the spacecraft. Alternative mechanical actuators include paraffin wax motors, which
use the phase change of the wax to convert thermal energy to mechanical energy.

Structure Subsystem

The function of the structure subsystem is to maintain the physical soundness of the spacecraft.
A spacecraft will experience many physical environments, including the heavy acceleration and
vibration of launch, microgravity in orbit, the shocks of pyrotechnic devices and propulsion
operation, and potentially atmospheric entry, descent, and landing. The structure subsystem
must ensure the mechanical integrity of the spacecraft through all of these environments while
minimizing the required mass.

A major component of the structure subsystem is the spacecraft’s bus. Physically, the bus
provides mechanical and thermal stability to the spacecraft. The bus is also where components
of various subsystems can connect to receive electrical power from the EPS. Other parts of the
structure subsystem include equipment mounts and mission-specific components, such as a
magnetometer boom.

Thermal Subsystem

The temperatures experienced by a spacecraft can vary between extremes, and certain
components might require a specific temperature range in order to operate properly. Controlling
the temperature is an important function that is the responsibility of the thermal subsystem or
temperature control subsystem.

Thermal control can be achieved passively via components like blankets and shielding.
Multi-layer insulation (MLI), a lightweight reflective film composed of several layers, is commonly
used to reflect infrared light and reduce heating from sunlight. Mirrored tiles, sunshades, and
even physical components of other subsystems, such as antenna dishes, can be used to block
sensitive components from solar heating. Reflective paints and coatings can also be used for
this purpose.

The thermal subsystem contains sensors located through the spacecraft to monitor the
temperature, commonly in the form of thermistors, whose electrical resistance is sensitive to the
temperature. The temperature sensors may be used by an autonomous thermostat onboard the
spacecraft or may be used on the ground by engineers who decide how to manage the thermal
load.

Active thermal control components, whether automatic or manually controlled, can act to
change the temperature of equipment or spaces on the spacecraft. Electric heaters or
radioisotope heater units can provide heating on demand, and the excess heat produced from
operating equipment can also be used to reduce the power demand for heaters.

Louvers can provide active thermal control that reduces the need for electrical power. Changing
the angle of the louver blades changes the exposed surface area and emissivity. A bimetallic



control opens the louvers to allow heat to radiate and closes them to retain heat. Heat pipes are
another active temperature control method that don’t require electrical power, as they use
capillary action to move heat from warm to cool areas.

If additional cooling beyond what can be achieved with passive thermal control is required,
cryocoolers are typically used. This is especially common for sensitive telescope detectors,
which need very cold operating temperatures. Cryocoolers run on a cycle that does not need a
consumable coolant and use the expansion of a gas to absorb heat.

For a spacecraft that will operate in atmosphere, the heat from atmospheric entry must be
removed to protect the spacecraft. This is commonly achieved by an aeroshell that insulates the
spacecraft or ablates for protection. After entry, the aeroshell is jettisoned—a function of the
mechanical subsystem.

Command and Data Handling Subsystem (C&DH)

To coordinate between subsystems, manage the overall performance of a spacecraft, and
provide control and data flow, a spacecraft needs a central computer in addition to the many
processing units contained in individual components and subsystems. The command and data
handling subsystem, also called the command and data subsystem (CDS), provides that
centralized control.

An important function of the C&DH subsystem is to keep time onboard the spacecraft. The
spacecraft clock (SCLK) is used to calculate the Spacecraft Event Time (SCET), which is
frequently used to trigger the execution of tasks in commands given to the spacecraft. The
SCLK is also used in telemetry to indicate when data was created and to determine if and when
to downlink collected data.

Data storage in the C&DH subsystem is used to store data until a downlink is available for
transmitting as well as to store commands received via uplink to control the spacecraft’s
operation over time. C&DH is responsible for not only storing the data, but overwriting it as
needed and possibly performing data compression or processing. For some applications,
particularly in government or military uses, C&DH will also need to provide data encryption and
decryption capability as well.

As the brain of the spacecraft, the C&DH subsystem is responsible for monitoring the health and
status of the spacecraft and taking autonomous actions when needed, particularly when ground
communication is compromised. Fault protection routines within individual subsystems will
report the anomalies on which C&DH then takes action. This action might include a search to
regain the necessary pointing for communications, shutting down faulty assemblies, or
swapping redundant hardware components.



Payload

The previous subsystems work together to ensure the operation of the spacecraft so that the
spacecraft can accomplish its mission; the payload subsystem performs the spacecraft’'s
mission.

The payload subsystem varies widely from spacecraft to spacecraft. It may contain assemblies
needed to deploy other spacecraft into orbit, sensitive scientific instruments that will observe
and record data, telecommunications circuits, or any number of components as required by the
spacecraft’s designers and operators.

Working together, these subsystems provide the functions needed for a spacecraft to operate
successfully and achieve a mission.
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