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Abstract: Electric propulsion is of great significance to the development of high-efficiency and long-
life satellites, and digital twins have gradually become a powerful tool for satellite engineering. Being
affected by uncertainty factors such as the complexity and variability of the space environment and
the satellite system, the digital twin model cannot accurately reflect the real physical properties.
Therefore, it is crucial to update the satellite model to improve prediction accuracy. However,
the complex structure and multi-physics process coupling of vector electric-propulsion satellites
bring great challenges to model updating. According to the characteristics of the vector electric-
propulsion satellite, this paper establishes mathematical models of the whole satellite. Additionally, a
hierarchical model updating method is proposed and applied to the model updating case of a satellite
with multiple subsystems. The simulation results show that the method is suitable for the model
updating of the vector electric-propulsion satellite. Through multiple iterations of closed-loop cycles,
the residual errors between the simulation values and the telemetry values can be decreased, and the
errors between the estimated values and the true values of state variables can also be decreased by an
order of magnitude.

Keywords: vector electric-propulsion satellite; digital twin; uncertainty quantification; hierarchical
model updating

1. Introduction

In contrast with traditional chemical propulsion, electric propulsion has the character-
istics of low thrust force and high specific impulse [1], which are conducive to reducing
fuel consumption [2] and prolonging the life of satellites. Therefore, it meets the require-
ments for geostationary Earth orbit (GEO) satellites, low Earth orbit (LEO) satellites, small
satellites, and deep space probes to work on orbit in the long run [3]. It has also become an
important development direction for new high-performance and long-life spacecraft.

In many countries, the manufacturing industry has shown the development trend
of digitalization and intelligence [4]. As a technology that can realize the interaction and
integration of the physical world and the digital world [5], the digital twin has attracted
widespread attention. In 2010, the National Aeronautics and Space Administration (NASA)
proposed to apply digital twins to flight training, accompanying flight, health monitoring,
and parameter optimization [6]. By establishing a digital twin model of a satellite to
perform optimization design and feedback control of real satellites, it is advantageous to
reduce the cost and risk of decision-making.

Since the simulation model is different from the real physical entity and is affected
by uncertainties, it is unable to fully reflect the characteristics of the real system and
reduces the prediction accuracy. There are two categories of uncertainty sources in a digital
twin, which are aleatory uncertainty and epistemic uncertainty [7]. Aleatory uncertainty
refers to the intrinsic randomness of a system, which is inevitable and irreducible. For
example, a thruster may have uncertainties such as the manufacturing tolerance of parts,
installation error, thermal deformation of structural parts, and nonaxisymmetric installation
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of cathodes [8], and these errors could cause the thruster to deviate from the nominal states.
Epistemic uncertainty refers to uncertainty caused by limited data, lack of knowledge, or
model simplifications and assumptions. It can be decreased when more information or
data is available [9]. For example, many studies simplified the thruster to an ideal force
model while ignoring the details of the mechanical structures when performing thrust
calibration. The more simplifications are made, the more difficult it is to establish an
accurate and reliable model. Therefore, it is essential to identify, describe and evaluate the
uncertainties quantitatively, known as uncertainty quantification (UQ). The study of UQ
includes the expression of uncertainty, the propagation of uncertainty, the identification
of model parameters, and so on [10]. In this research, it refers in particular to the model
updating method for the vector thruster satellite, with using the measurement data to
estimate the errors and correct the simulation model so that the error between the model
and the real satellite is minimized and the prediction level of the model could be improved.

According to the sources of uncertainty, model updating includes formula updating
and parameter updating. Formula updating refers to the addition and modification of
certain items in a mathematical formula. For instance, decoupling the coupled subsystems
for separate calculations will result in some loss of accuracy. Parameter updating involves
the use of measurement data to adjust model parameters without modifying the formula
structure. This paper focuses on the latter.

Model parameter updating is essentially an optimization problem that can be solved
using optimization algorithms, including traditional optimization methods and modern op-
timization methods. The former includes the least-squares method and filtering algorithm,
while the latter includes particle swarm optimization (PSO) and genetic algorithms (GAs).
All of them are widely used for parameter estimation. The modern optimization methods
are time-consuming, whereas the traditional optimization method has a fast convergence
speed, so the least-squares method is adopted in this paper.

Model updating for electric-propulsion satellites implies the multiparametric optimiza-
tion of a large number of electric, magnetic, thermodynamic, and other processes [11]. From
the perspective of the space dimension, the satellite is influenced by forces and moments
from the environment. The satellite system itself can be divided into multiple subsystems,
including the orbit and attitude control system; power system; thermal control system;
propulsion system; and telemetry, telecommand, and control system. Each subsystem is
further composed of many components. Additionally, there are coupling relationships
between the environment and the subsystems, as well as the various components. As the
functions and structures of satellites develop in a more complex and changeable direction,
these coupling effects will become increasingly significant, and the physical properties and
magnitudes of interactions will be more inconsistent, causing satellite model updating to
be more challenging and resource-consuming. Since the amount of satellite parameters
that need to be updated is large and the degree of coupling between different parameters
is different, if all the parameters are updated simultaneously, there is a high probability
that the solution will not converge. Thus, it is imperative to divide them into different
hierarchies according to the degree of the sparseness of the interaction between parameters
and then perform updating separately.

The hierarchical method means to divide the complex engineering system into subsys-
tems; the subsystems are partitioned into components, the components into parts, and so
on [12]. Oberkamp et al. proposed the use of a hierarchical model for model validation [13].
First, the characteristics of the corresponding model are confirmed by using the test data of
the simple system, and then the whole system model is deduced recursively. The hierar-
chical idea reduces the complexity of solving the original problem, so it is also used in the
model updating problem of multi-coupled complex systems [14]. Cheng et al. [15] divided
parameters into key parameters and non-key parameters by sensitivity analysis. The key
parameters were corrected first, then the non-key parameters, and finally, all parameters at
the same time. This method had higher accuracy than directly correcting all parameters.
He et al. [16] decomposed the landing buffer system into the recovery module and the
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airbag system, and their finite element (FE) models were respectively established and up-
dated. By considering the measurement uncertainty brought about by the high-temperature
environment in the complex aeromechanical system, He et al. [17,18] and Chen et al. [19]
identified the thermodynamic parameters and the mechanical structure parameters sequen-
tially. Fei et al. [20] proposed a hierarchical model updating strategy for the FE model of
complex structures, which decomposed the assembled structure into a series of substruc-
tures. These substructures were accurately modeled and updated. Xu et al. [21] proposed a
two-stage hierarchical objective model updating pattern for cable force identification, and
the method improved the accuracy and efficiency of FE model updating.

Since the thrust generated by electric propulsion is very small, in the order of millinew-
tons, the thrusters need to be turned on for a long time when performing an orbit mission. If
the thrust direction does not exceed the center of mass of the satellite, an eccentric moment
will be generated, and the angular momentum will be increased. In addition, since electric
thrusters are also intended to perform attitude control tasks, most electric thrusters are
equipped with vector adjustment mechanisms to change the thrust direction of the force.
Each vector adjustment mechanism is composed of two rotating shafts so that the thrust
direction can be changed in three dimensions, but this is also a reason why its motion
parameters are coupled, and many parameters are involved. Due to the small thrust, it is
difficult to complete high-precision thrust calibration on the ground. The commonly used
thrust calibration methods include the parameter calibration method, wheel calibration
method, and orbital calibration [22]. However, these methods simplify the thrust to a fixed
vector without considering the influence of the error of the vector adjustment mechanism,
nor do they consider the coupling effect between the other subsystems and the motion of
the vector adjustment mechanism. Therefore, a challenge that needs to be tackled is how
to create a hierarchical rule and model updating method to correct the parameters of a
satellite with vector electric propulsion.

To address the problems mentioned above, this paper aims to develop a hierarchical
model updating method for the vector electric-propulsion satellite. Firstly, in order to
reflect the coupling effect between different parts, the whole satellite is decomposed into
different subsystems and devices to establish mathematical models. The state variables
that play a major role in affecting the telemetry variables are selected for updating. Then,
a grouping rule is put forward in terms of the relationship of variables. State variables
and telemetry variables are grouped and sorted according to the rule, and each group
is updated by the least-squares method in sequence. When all groups are updated, the
residuals of all groups are recalculated. Repeat this process several times until the mean
squared error (MSE) converges to the specified range.

This paper is organized as follows. Section 2 presents the mathematical description
of the model updating problem and establishes the simulation model of a vector electric-
propulsion satellite. A hierarchical method for model updating is developed in Section 3.
In Section 4, a simulation test case is investigated, and the results are discussed. Finally,
Section 5 concludes this paper.

2. Problem Formulation

The satellite simulation model can be expressed as follows:

x = f(x,1)
y=g(x1) ey
x(to) = xo

where x € R" is the vector of state variables, and y € R™ is the vector of telemetry variables,
which both change over time t; f(-) are the state equations, and g(-) are measurement
equations, the details of which are described in Sections 2.1 and 2.2; and xy is the initial
value of state variables.
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In the given period t ¢ [to, t f] , the telemetry values are known as
y?flf = {y;ﬁle(to), ]t.‘fle(tl), . ,y;-e’e (tf)},j = 1---m, and the model simulation values
are known as y;im = [y;?im(to),y]s-im(tl),~ » ,y?im (tf)},j = 1---m. The telemetry value
and simulation value at each moment are normalized by

_tEIE(t) o ;eze(t) o yj'min (2)
y] y jmax y j,min
Sitm
. > ) — Yimi
() = Y Yimin G)

]

]/j,max - yj,min
where ¥/ min and ¥ max are the minimum and maximum of y;, respectively.

The goal of model updating is to minimize the MSE between the normalized simulation
values and the normalized telemetry values by adjusting the initial value, xo; that is,

. _1m u —Sim ¢, —tele /. 2
min msetota] = *Z Z Yi (ti) — Yi (t:) 4)
o 235
2.1. State Equations and State Variables
The orbit dynamics equations are

dr _
{zf“’l (5)
% = w(Fe+Fa+Fc+Fp+Fr)

where r = [ry, 1y, 72] T'is the position vector, v = [vy, vy, V] T is the velocity vector, m is the

total mass, F is the Earth’s gravitational force, F 4 is the drag force, Fc is the perturbation

force of the Sun and Moon, Fp is solar radiation pressure, and Fr is the force of thrusters.
The attitude dynamics equations are

{ d
where Q = [q0,91,92,93

system, and w = [wx, wy, wz} T'is the angular velocity of the satellite’s body frame with
respect to the inertial frame. (2(w) is a matrix with respect to w:

Q

:%Q(C’J)Q (6)
=TI 1 (Mgg+Myu +Mp+Mr+My —w x H)

e
S

]T is the attitude quaternions of the body with respect to the inertial

0 w; —wy Wy
_ _wz 0 C(Jx C(.)y
Q ((U) - wy — Wy 0 Wy (7)

—wy —wy —wz; 0

I'is the inertia matrix, Mg, is the gravity gradient moment, M4 is the drag moment, Mp is
the solar pressure moment, Mt is the thrusters moment, My is the wheels moment, and
H is the angular momentum of the total satellite. The details of force and moment can be
found in Reference [23].

Usually, the Euler angles are used to describe the attitude of the body relative to the
orbit frame, which contain the roll angle ¢, pitch angle 6, and yaw angle ¢. They can be
calculated by Q, r, and v [23].

The rotation of solar wing can be described by

dewing _ % .
= Ywin
g ) ®
a Mwing
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where 6, and éwing are the angle and angular speed of the solar wing related to the
satellite body, respectively, and My is the driving moment.
The output power of each solar array is

PWing = CshadowSOASﬂﬂwXWingCOS(QSW) (ﬁPATwing + 1) )

where Cgp401 is the shadow area sign, Sy is the solar constant, A, is the area of the solar
array, 17, is the photoelectric conversion efficiency, Xwiyq is the other coefficient, Oy is
the angle between the normal direction of the solar array and the direction of sunlight, p
is the power temperature coefficient, and AT, is the difference between the working
temperature of the solar array and the standard temperature; for a detailed calculation, see
Reference [24].

When the output voltage of the solar wing Uy is known, the current can be calcu-
lated by

P,
Twing = g7, (10)
The total electric load power is
Npp
Ppevice = Z PD,- (11)

i=1

where Npp is the number of working devices, and Pp, is the power of the i-th device.
When the difference between the output power and the load power is greater than the
maximum charging power of the battery, the power consumed by the shunt regulator is

P _ PWing — Ppevice — PMaxCharge/ PWing — Ppevice > PMaxCharge (12)
Loss 0 else

where PugxCharge 1S the maximum charging power of the battery.

The battery charges when the battery is not full and the output power is greater than
the load power, and it discharges when the battery quantity is greater than the minimum
quantity and the electric power is smaller than the load power. The process is

Py _ PWing — Ppevice — Pross QMinBattery < QBattery < QMaxBattery (13)
attery 0 else

where QminBattery a0d QMaxBattery are the minimum and maximum battery capacity, respectively.
The quantity change in the battery can be expressed as
dQBattery . kCharge : PBattery/ PButtery >0
— = (14)
dt kDischarge - P Batterys P Battery <0

where Qpgttery is the remaining quantity, kcygrge is the charging coefficient, and kpjscharge 18
discharging coefficient.
The battery voltage

Upattery = { uCharge/ PBattery >0 (15)
ey uDischarger PBattery <0

where Ucyrge is the charge voltage, and Upjscparge is the discharge voltage.
The battery current is
P Battery

IBattery = (16)

UBattery
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The mass of xenon in the xenon tank is
dee .
dt = Meontrol (17)

where 11,1101 1S the mass rate controlled by the computer on board.

Each thruster is connected to two xenon tanks by a pipeline with different regulating
valves. Only when the thruster receives the fire command and the pipeline between the
xenon tank and the thruster is open, the thruster is working. The electric thrust force
generated is

dm Xe

dt
where I5), is the specific impulse, and g is the gravitational acceleration.
The gas state of the xenon satisfies the ideal gas equation of state. When the volume
Vxe is fixed, the pressure is

FT:Isp‘g' (18)

mxe (19)

where My, is the average molar mass of xenon, Rgs is the gas constant, and Ty, is the
temperature.

The temperature field model is calculated by finite element mesh division of the
satellite model with Ansys, and each grid represents a node. The temperature of node i can
be calculated by the heat balance equation:

dT; _ 45+ qg + Ggr + Traa + Gcona + Pi — Gos ~ s
- = (20)
dt m;c;

where g is solar radiation received by node i, g is The heat from the Earth’s infrared
radiation, g, is the Earth’s albedo heat, g%, is the thermal radiation from other thermal
nodes to node i, qic ond 18 heat conduction from other thermal nodes to node i, P; is total
thermal power of all components in the range of node i, qh is dissipate heat for the outer
surface of node i, g}4 is heat dissipation for the inner surface of node 7, m; is mass of node i,
and c; is specific heat capacity. The details are in Reference [25].

The thermal control unit model includes a temperature sensor and a heater. The power
of the heater is
Uy
Ryt

where I, Uy, Ry are the current, voltage, and resistance of the heater, respectively.
For the sensors, the error is assumed to follow a normal distribution, and the error
characteristic is described by the mean value pisens0r and variance osepsor, Wwhich are constant:

dﬂsensor _
{dt =0 (22)

A0sensor
dt =0

Py = I * Ry = (21)

We include the variables ygpsr, 0gps, when the Global Positioning System (GPS)
measures t; the variables pgps .y, 0gpsy when the GPS measures v; and the variables
UStarSensors OStarSensor When the star sensor measures attitude. As for the gyro, besides
HGyro,wr UGyrow. there still exists the drift error €y w, which changes as

dSG EG
yrow yro,w
dt - = T + OGyro,w (23)

The actuators include wheels, thrusters, and a rotating component of the solar wing.
The output process noise is also represented by a normal distribution:

Uoutput = Uexpect + N(,”Actuator,u/ UActuator,u) (24)
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X =

where Ueypect is the expected output command, #eutput is actual output control, and
W Actuator,ur T Actuator,u are the error mean and variance of the actuator output process, respec-
tively. The sensor model and actuator model are described in Reference [23].

Four vector thrusters are installed on the backboard of the satellite, their installation
positions and serial numbers are upper left Ty;, upper right Ty, lower left Ts;, and
lower right Ts;, respectively. Each thruster is connected to the satellite body by a vector
adjustment mechanism, which is regarded as a structure of two links, each of which can
rotate on its axis. The two-degree-of-freedom kinematic model can be described by eight
parameters including connecting rod angle «;_1, connecting rod length a;_1, joint angle 6;,
and connecting rod offset d; (i = 1, 2). The meaning of these parameters and the kinematic
process are shown in Reference [26].

According to the model, the thrust direction is only related to ¢;, and the application
point of thrust is related to all structural parameters. The thruster number is denoted
by No(No = N1,N2, 51, 52); the structural error includes the length error da;_; y, and
offset error &d; n,. Three attitude angles is@!, g1stall istall are available for mounting

attitude. Installation points are represented by position vectors [XI"“”” YI nstall 71 ”Sm”}

Every time it fires, the deflection error of the thrust direction at the outlet relatlve to the axis
is represented by Jr,,7T,,, and the output force action point error

(SpTNU = [5perNa’5p]/zTNu’ (5pZ,TN0] T The above variables are constant values during the
working period of each firing. Furthermore, the output force of the thruster Fr, isnota
constant value but a variable that changes with time. In this paper, the parameters of the
thruster Ty are taken as the updating variables.

In summary, x consists of

2% Ty, Tz, 0x, Oy, 0z, @, 0,9, wy, Wy, Wz, Qwingll Gwingzl 95W1/ GSWZI
New, Pwinglf Pwingzr uwinglr uwingzr Iwing1/ IwingZ/ QBatteryr PButteryr IBattery/ mxe, Pxe, Ti,

(25)
HGPS,rrOGPS,r» BGPS,vs OGPS,vr KGyro,wr IGyro,ws SGyro,wr HStarSensors TStarSensors
Install Instull Install Install Install Instul
Py v o7 1y  XT Tani e LT + OTnor VTnior OPx, i1+ Oy, T OP2, Ty Fry,]
2.2. Measurement Equations and Telemetry Variables
The measurement equations for the GPS” measured position and velocity are
rcps =+ N(ucps,r 0Gps,r) (26)
vGps =0 + N(1iGps,0, 0GPs,p) (27)
T . .
where rgps = [rxGps, ryGPS, 12G ps]” is the position measurement, and

T, .
vGps = [0xGPs, VyGps, Vzgps|  is the velocity measurement.

The error transmission process of the star sensor is shown in Reference [23], and
the measurement is Qg;,,50ns0r- According to rgps, veps, and Qgyarsensor, the Euler angles

@, Om, Pm can be calculated.
The measurement equations for the gyro measuring angular velocity are

{ WGyro = Wreal + UGyro,w T+ €Gyro,w
Wreal = Tinstall * W

(28)

where 7;,514 is the install vector of gyro, 0Gyr,w is the variance of random error, and the

. . T
measured angular velocity component is wgy,, = [wxcym, WyGyros chyro]

The state variables of the power subsystem are measured by the corresponding sensors,

and the measurements follow a normal distribution:

Gi,SunSensor = QSWi + N(,usensor,GswrUsensor,esw)ri =12

(29)



Appl. Sci. 2023, 13, 4980 8 of 18

PWingilm = PWingi + N(Vsensor,Pw,-,,gr Usensor,Pwing)ri =12 (30)
UWingi,,,, = UWingi + N(Vsensor,uwmg/ Usensor,uu,,-ng)/i =12 (31)
IWingi,m = IWingi + N(Vsensor,lwi,,g/ Usensor,lwing)/i =1,2 (32)
QButtery,m = QButtery + N(,usensor,QBatte,yr o'sensor,QBﬂtte,y> (33)
PBattery,m = PBattery +N (Vsensor,PBaﬁ”y/ Usensor,PBaHery) (34)
IButtery,m = IBattery + N(ﬂsensor,lgam,y/ Usensor,lgme,y> (35)
UBattery,m = uButtery +N (,usensor,llgmwr Jsensor,UBmwy) (36)

where N(, ) is normal distribution, and isensor, Osensor represent the mean and variance of
the noise measured by the sensors, respectively.
The measurement equation of the propulsion subsystem is

PXe,m = PXe + N(,usensor,P/ Usensor,P) (37)

where Px, ,, is the pressure measurement of the xenon tank.
The thermal control subsystem uses the temperature sensor to measure the tempera-
ture of the node, and the measurement equation is

Ti,m =T+ N(,usensor,T/ Usensor,T) (38)

The data on board is transmitted to the ground through the telemetry remote control
subsystem, and the transmission process is affected by the relative position of the receiving
and sending terminal, performance, data compression, transmission loss, and other factors,
the basic transport equation in logarithmic form is expressed as

Preceiver = Psender + GSender + GReceiver — LSpace — Ly (39)

where Preceiver i the power of the receiver antenna, Ps,, ., is the sender power, Gggpg.r is
the gain of the sender antenna, Ggreceiver is the gain of the receiver antenna,Lg e, is the path
loss, and Ly is the other loss; for a detailed calculation, see Reference [27].

In summary, y consists of

y= [rxGPS/ TyGPS,YzGPS, VxGPS, VyGPSs VzGPSs Pms Om, Y, WxGyros WyGyror WzGyros
QSWLSunSensow QSWZ,SunSensor/ Pyin Tm’ Pyin 2 m’ Uwin Tm’ Uwin 2m’ Iwin Tm’ Twin 2m’ (40)
81, 82, 81, 82, 81, 82,
QBattery/ PButtery/ uBattery/ IBattery/ PXe,m/ Tz,m}

3. Method
3.1. The Hierarchical Model Updating Method

The state variables and telemetry variables are selected, grouped, and sorted before
being updated. The rule for determining whether variables need to be modified are as
follows: (1) variables that have a significant impact on the system because when their
change will significantly affect the other variables; (2) variables that change obviously over
time; and (3) variables that are different from those on the ground or difficult to measure
accurately on the ground. As for the updating sort, the variables that play a more dominant
role in the system are updated earlier, and the less influential variables are updated later.
The specific group strategy for the vector electric-propulsion satellite is as follows:
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e  Orbit-related variables

The orbit telemetry variables refer to the position vector and velocity vector in the
geocentric inertial system measured by GPS. Unless the orbit performs maneuver, orbit
variables are less affected by other subsystems. On the other hand, orbit variables play a
greater or even more decisive role in other variables. So the updating of orbit variables is
given priority. The state variables to be updated are the initial values of orbit position ry
and velocity vg. In addition, there are errors during the measurement process of GPS, so
the constant errors and random errors of GPS position and velocity measurement should
also be considered, that is, pgpsr, 0Gpsr, HGPSw, 0GPS,w- The telemetry variables are rgps
and 0GPS-

e  Attitude-related variables

Attitude variables also have a great impact on other parts, so they are a second
priority. The attitude telemetry variables are the attitude angle calculated by the attitude
determination algorithm and the angular velocity measured by the gyroscope. So besides
the initial Euler angles ¢y, 6o, o and the initial angular velocity being updated, the error
parameters of the gyro 1Gyro,w, OGyro,w: €Gyrow and the star sensor ssarsensors Tstarsensor also
require correction, due to their influence. The telemetry variables selected are @, 61, Pm
and wgyro-

e Power subsystem variables

The power subsystem includes dynamic state variables of the solar wings, and elec-
trical state variables of the solar arrays, battery, and bus loop. The state variables are
the initial angles 0ying, 0 and 6yiyg, 0, the photoelectric conversion efficiency of the solar
array 1, and the charging coefficient kcy,.q. and discharging coefficient kpjscparge Of the
battery. Telemetry variables include the solar wings variables Pying,, Pwing,, 0sw1,5unSensors
Osw2,sunsensor; the battery variables IButtery/ QBattery/ uBattery/ PButtery} and the bus loop
variables Qroop,LrLoopULoopLoops PLoop-

e  Propulsion subsystem variables

Because the variables of vector electric thruster are difficult to measure accurately on
the ground, it needs to be updated on orbit. The thrust variables of the electric thruster have
the greatest influence on the attitude variables and the pressure of the xenon gas, so they
are put in the same group for updates; they are installation attitude variables plsta!l glnstall

Tnt Tny
wIT’;flt“” , installation variables X%’;]slm” i Y%;‘gtal I Z%"f“” , and force Fr,,. Triaxial attitude angle,

angular velocity, and xenon cylinder pressure are selected as the telemetry parameters.
The attitude variables ¢, 0, P, WxGyror WyGyros WzGyro and xenon gas pressure Py, ,, are
selected as the telemetry variables.

The result of grouping and the relationship between them are shown in Figure 1.

Orbit Attitude Power subsystem Propulsion subsystem

Solar wing rotation

‘ ‘ Attitude variables ‘

‘ Orbit variables ‘ Xe pressure ‘

1 ‘ Gyro error

‘ GPS error parameters Battery variables

‘ Thruster parameters ‘

‘ star sensor error ‘
Bus variables

‘ Law ‘ Solar array variables ‘ Law

Figure 1. Hierarchical model updating diagram.

3.2. Least-Squares Method

The range of telemetry variables is determined for the normalization of telemetry
data and simulation data. The initial value of the parameter x; to be adjusted is usually
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given in a range [X min, X0,max); @ Monte Carlo method is adopted to calculate the telemetry
range (Y in Ymax) iN this paper. For each x(, a random point is picked within its interval.
All values make up a specific simulation condition. The simulation value y is obtained
after running, and their minimum and maximum could be calculated. Multiple simulation
conditions are generated randomly in this way. By repeating this process, after each
simulation conditions run, the range of all previous simulation conditions is counted; we
call it the global minimum y_;, and global maximumy, .. .
The first condition

Yjmin = min{yj(to),yj(h),- Y (tf) }1 (41)
Yjmax = max{yj(to)/yj(tl)r' - ryj(tf) }1 (42)
For the r-th condition
Yjmin = min{min{yj(to)/yj(tl)/' - r]/j(tf) }r_lr]/j,min} (43)
Yjmax = maX{maX{yj(to)/yj(h), EE ryj(ff> }rlryj,max} (44)

When there are enough working conditions, y,;, and y, .. tend to be two constant
values, which is the value range of y.

The least-squares method is used to update each group of variables. For the state vari-
ables and telemetry values in the k-th group as x*) and y(¥), the least-squares optimization
objective is

. 2
n}}l{? mse(k) = %Z 2 {y/(k),szm(ti) - ?;k)'tele(ti)] (45)
xy j=1i=0

where x(()k) is the state value at the time t(, which is adjusted directly. Newton’s iteration

method is usually used to solve the least-squares problems for nonlinear models. The initial

value x0) of xék) is given, and the simulation value is y 05" k0).sim

after normalization.
Then, calculate the partial matrix of y related to x at point x(()k’o), where y should be
normalized as well

, which becomes y(

0x1 9xp 9xy

p- | %% )
aym aym %
ox;  9dxp Xy, x((]k,o)

For complex nonlinear models, it is common to use the difference quotient formula to
displace the partial derivative, that is,
8;(xj + Ax;) — g;(xi)

— =~ i 47
ox; Axlgo Ax; 47)

where g means the normalized simulation value, which is the same as Equation (3).
The iteration form of x is

x(()k,l) _ x(()k,O) T (HTH> ). (y(k),tele . y(k,O),szm) (48)
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The root-mean-square error (RMSE) of telemetry variables and the relative error of
state variables are calculated to evaluate the efficiency of the model updating method:

rmse = Z Z{ sim tde(tl)r (49)

]llO

Xest — X

Xerror = [Xest = Xreatl 1500, (50)
Xmax — X¥min

where x5 is estimated value, x,., is real value, and xmax and xmin define the range of x.

Repeat this process until rmse(k) is less than a threshold,
rmse(k) < e (51)

After the calculation of all groups is completed, the working condition of the earlier
group has changed, so it is necessary to recalculate the rmse(k) of each group. Furthermore,
the sum of the telemetry errors of each group is calculated, and the errors rmse;,,; of all the
telemetry variables in the global period are calculated. Check whether rmse;,;,; is within
the range of the threshold e;,,. If the accuracy is satisfied, output the result and end;
otherwise, revise from Group 1 again until meets the accuracy requirement.

4. Results and Discussion
4.1. Determine the Range of Remote Measurement
Based on the initial telemetry variables value and the nominal value of the state

variables, set a 10% increment as the value range of state variables; the range is shown in
Table 1.

Table 1. The range of initial state variables.

Variable Min Max Variable Min Max
Fx0, M 6,957,455 7,098,010 X nstall |y —0.45 —0.55
ry0, M 60,714.48 61,941.03 i a1 ,m —09 -11
750, M 529.85 540.55 zfnsm” ,m —0.8019 —0.9801

Uy0, M/S —65.06 —66.37 FTM, N 0.03969 0.04851

0,0, M/ 7455.13 7605.74 o7y, rad 0.015705 0.019195

Vs0, M/S 65.06 66.37 Y1y, rad 0.0072 0.0088

HGPps,r, M -5 5 a0, Ty, M 0.09 0.11

OGPS,r, M 0 5 1, Ty, M 0.09 0.11

HGPS, v/ m/s —0.5 0.5 dl,Tm/ m —0.01 0.01
OGPS,vr m/s 0 0.5 d2,TN1, m —-0.01 0.01
®0, ° -5 5 Px. Ty, M 0.09 0.11
6o, © -5 5 Py, Ty, M 0.09 0.11
o, ° -5 5 Pz Ty, M —0.01 0.01

wxo, °/s -1 1 Qi nstall pad —0.75868 —0.92727

wyo, °/s ~1 1 efnsfﬂ” rad -0.1 0.1

ws0,°/s -1 1 1p1T§351'—‘”” rad —-0.1 0.1

HGyroxws ° /D —0.003 0.003 Owing, 0 ° 80 100
€Gyroxor °/h 0 0.05 Orvings,0, ° 80 100
TGyrow: °/h 0 0.04 1w 0.1 0.2
HStarSensors ° —0.002 0.002 kCharge 0.5 1.5
OStarSensors 0 0.002 Mmxe0, kg 25 35

Take the telemetry value of position x as an example. The change in the global
minimum and maximum with the condition is shown in Figure 2. It can be seen that the
global minimum and global maximum gradually tend to the normal value when more
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random conditions run. All telemetry variables are counted according to this process, and
their feasible range is shown in Table 2.

x10° x10°
6700k —— minimum 70975 - —— maximum A
6.675 7.0950 -
£ £
E 6.650 - '5 7.0925 |
€ 6.625 g 7.0900 |
6.600 L\ﬁ 7.0875
6.575 7.0850
200 400 500 200 1000 200 400 600 800 1000
Condition Condition
(a) (b)
Figure 2. (a) The minimum in x position; (b) the maximum in x position.
Table 2. The feasible range of telemetry variables.
Variable Min Max Variable Min Max
ryGPS, M 6,570,369.34 7,098,007.66 QLoop, mAQ 8,623,152.00 8,766,671.98
ryGps, M 60,712.16 2,301,754.64 ULoop, V 28.01 83.52
t20ps, M 525.25 20,090.67 TLoop, A 1.79 2292
UxGpPs, M/S —2495.26 —64.65 Proop, W 110.94 641.99
vyGps, M/s 7041.83 7606.04 01 Sunsensors ° 66.28 89.97
U,Gps, M/s 60.89 67.07 Pywing,, W 2342.28 4873.79
O, ° —21.69 21.44 02, Sunsensors ° 67.31 89.99
O, ° —7.05 7.21 Piing,) W 2320.98 4873.40
P, ° —22.38 21.65 Igattery, A 20.00 20.00
WxGyro, ° /'8 —1.00 1.00 QBattery, mAh 100,005.56 101,666.67
WyGyro, ° /s —1.00 1.00 Usattery, V 42.00 42.00
WaGyror /5 —~1.00 1.00 Pratterys W 840.00 840.00

4.2. The Result of Hierarchical Model Updating

The above state variables were corrected according to the updating method described
in Section 3. A total of two loops of updating were carried out to compare the deviation
between the state variables and the true value of each group after each updating loop, as
well as the deviation of each telemetry variable RMSE.

The variation in orbit state variables is shown in Figure 3. The iteration from zero to
three is the first loop of updating, and four to seven is the second loop. The state variables
converge rapidly within three iterations, but the relative error is still large. After other
groups were updated and the second loop was executed, the state variables could be
further updated.

The updating results of orbit state variables are shown in Tables 3 and 4. Table 3 is
the comparison between the state variables estimated and the true value, as well as the
total residual error of telemetry variables, and Table 4 is the calculation of each telemetry
variable RMSE separately.

As can be seen from Table 3, although the RMSE of telemetry variables in the first
loop converges to a very small value, and most of the state variables are also updated
to very small errors, the relative errors of some state variables are still large, which also
indicates that the coupling effect of other variables that are not updated cannot be ignored.
Through the second loop of updating, the relative errors of these state variables are further
significantly reduced. The boost is one to two orders of magnitude.
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Figure 3. The variation in state variables estimation relative error and telemetry RMSE. (a) Estimation
of rg; (b) Estimation of vy; (c) Estimation of GPS errors; (d) RMSE of orbit telemetry variables.

Table 3. The estimation of orbit state variables.

The First Loop The Second Loop
Variable Real - ; : :
Estimated Error Relative Error Estimated Error Relative Error
7y, M 7,027,732.4 7,027,728.25 4.14 0.00% 7,027,732.94 0.55 0.00%
ryo, M 61,327.76 61,324.52 3.23 0.26% 61,328.61 0.86 0.07%
50, M 535.20 531.00 4.20 39.26% 535.61 0.41 3.80%
Uyo, M/S —65.72 —65.71 0.01 0.43% —65.72 0.00 0.06%
Vyo, m/s 7530.43 7530.43 0.00 0.00% 7530.43 0.00 0.00%
Uy0, M/ 65.72 65.72 0.00 0.01% 65.72 0.00 0.01%
UGPs,r, M 5.00 9.22 422 42.15% 4.62 0.38 3.85%
0GpS,r, M 5.00 5.00 0.00 0.01% 5.00 0.00 0.02%
UGPs,o, M/ 0.50 0.50 0.00 0.00% 0.50 0.00 0.00%
oGps,p, M/S 0.50 0.50 0.00 0.00% 0.50 0.00 0.00%
RMSE 0.00% 0.00%

The same is true for each telemetry variable. After multiple loops of updating, the
residual error is further reduced, and the accuracy can be improved by about one order
of magnitude.

The updating results of attitude variables are shown in Tables 5 and 6. It can be seen
that the state variables and telemetry variables are further improved by multiple loops of
updating, and the improvement effect is one to two orders of magnitude.
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Table 4. The RMSE of orbit telemetry variables.

RMSE
Variable 3
Uncorrected The First Loop The Second Loop
r+CPS 1.11% 2.80x1075% 3.6x107%%
ryGPS 0.20% 2.42x1075% 8.8x107%%
F2GPS 15.12% 9.47x1075% 9.03x107°%
U2CPS 1.12% 4.46x1075% 9.17x10~%%
vyGps 0.53% 3.67x107°% 8.03x107%%
V,GPS 38.38% 7.7%107%% 7.67x10%%

Table 5. The estimation of attitude state variables.

The First Loop The Second Loop
Variable Real - : : :
Estimated Error Relative Error Estimated Error Relative Error

@0, ° 1 0.94 0.06 0.64% 0.99 0.01 0.11%

0o, ° 2 2.09 0.09 0.89% 2.02 0.02 0.16%

Py, © 3 2.90 0.10 1.00% 2.98 0.02 0.19%
Wy, °/s 0.2 0.20 0.00 0.01% 0.20 0.00 0.00%
wyo, °/s 0.1 0.10 0.00 0.01% 0.10 0.00 0.00%
w0, °/s —0.1 —0.10 0.00 0.01% —0.10 0.00 0.00%

HGyrows °/h 0.003 0.00 0.00 1.35% 0.00 0.00 0.14%
EGyro,wr °/h 0.05 0.28 0.23 452.54% 0.08 0.03 56.27%
OGyrows */h 0.04 0.07 0.03 73.58% 0.05 0.01 27.73%
UStarSensors © 0.002 0.09 0.08 2083.63% 0.02 0.02 380.04%
TstarSensors 0.002 0.00 0.00 9.79% 0.00 0.00 0.50%
RMSE 0.09366% 0.020678%
Table 6. The RMSE of attitude telemetry variables.
RMSE
Variable :
Uncorrected The First Loop The Second Loop
Pm 15.372% 0.109% 0.0278%
O 9.215% 0.132% 0.0543%
Y 13.216% 0.0874% 0.0573%
WxGyro 12.027% 0.0529% 0.00999%
WyGyro 5.157% 0.0548% 0.0102%
WaGyro 15.192% 0.0594% 0.0272%
Tables 7 and 8 show the updating result of power variables. Some errors of state
variables become a little bit larger, and some become smaller, but the total RMSE of
telemetry variables is further decreased.
Table 7. The estimation of power state variables.
The First Loop The Second Loop
Variable Real . X . .
Estimated Error Relative Error Estimated Error Relative Error
Ouving, 00 ° 90 89.14 0.86 4.29% 89.07 0.93 4.64%
Ouvings 0r ° 90 89.14 0.86 4.29% 89.07 0.93 4.64%
Nw 0.15 0.15 0.00 0.00% 0.15 0.00 0.00%
kChmgg 1 1.00 0.00 0.05% 1.00 0.00 0.02%
RMSE 0.121311% 0.051712%
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Table 8. The RMSE of power telemetry variables.

. RMSE
Variable Uncorrected The First Loop The Second Loop
QLoop 11.39% 6.46x107%% 0.00%
ULoop 24.39% 0.05% 0.02%
ILOOP 8.72% 0.26% 0.07%
PLOOP 0.28% 0.27% 0.08%
61,SunSensor 9.84% 0.09% 0.10%
PWingl 34.27% 0.01% 0.01%
92,SltnSensor 9.84% 0.09% 0.10%
Pwing, 34.27% 0.01% 0.01%
IBattery 41.53% 1.02 x 1078% 0.00%
QBattery 11.39% 6.46 x 107%% 0.00%
uButtery 0% 0% 0.00%
Ppattery 41.53% 1.02 x 1078% 0.00%

Variable modification of the propulsion subsystem is shown in Tables 9 and 10. The
results of electric propulsion state variables also show that some errors decrease and some
increase, but the total RMSE of telemetry variables decreases.

Table 9. The estimation of propulsion state variables.

The First Loop The Second Loop
Variable Real ; N . .
Estimated Error Relative Error Estimated Error Relative Error

pistall rad —0.84298 —0.85 0.01 5.50% —0.80 0.05 27.58%
olrstall rad 0 0.07 0.07 35.83% —0.02 0.02 9.01%
plstall rad 0 0.41 0.41 204.90% 0.15 0.15 73.40%
xprstall, m —05 —0.74 0.24 238.83% —0.65 0.15 153.32%
yirstall, m -1 —0.88 0.12 62.39% —0.70 0.30 149.22%
zjrstall, m —0.891 —0.66 0.23 131.56% —0.81 0.08 45.31%

Fr,,, N 0.0441 0.04 0.00 0.00% 0.04 0.00 0.00%

RMSE 0.053958% 0.009247%

Table 10. The RMSE of propulsion telemetry variables.

RMSE
Variable 3
Uncorrected The First Loop The Second Loop

Pm 0.0988% 0.0522% 0.0237%

Om 0.0705% 0.0665% 0.0564%

P 0.0944% 0.0807% 0.0548%
WxGyro 0.0661% 0.0493% 0.0129%
WyGyro 0.0547% 0.0531% 0.00952%
W2Gyro 0.0651% 0.0753% 0.0238%

Pxem 2.686% 0% 0%

The updating result of the thruster force and moment is shown in Table 11.

To illustrate the effect of the hierarchical method, an experiment of model updating
without the hierarchical method, that is, all variables were updated at the same time, was
taken as a comparison. As is shown in Figure 4, most of the estimation errors grew rapidly
and showed no downward trend.
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Table 11. The estimation of thrust force and moment.

The First Loop The Second Loop
Variable Real ; :
Estimated Error Estimated Error
Force X in stage 1 Fyt,,,, N —0.0003164 —0.0030089 0.0026925 —0.0009050 0.0005887
Force Y in stage 1 Fyry, N 0.0051050 0.0034721 0.0016329 0.0062679 0.0011629
Force Zin stage 1 F,1,,, N —0.0438024 —0.0438600 0.0000576 —0.0435619 0.0002405
Moment X in stage 1 MyT,,, Nm 0.0546021 0.0475862 0.0070159 0.0472978 0.0073043
Moment Y in stage 1 Mmi/ Nm —0.0211241 —0.0283029 0.0071788 —0.0269889 0.0058648
Moment Z in stage 1 M, T,,, Nm —0.0028563 —0.0055050 0.0026488 —0.0043405 0.0014843
Force X in stage 2 Fyt,,,, N 0.0022124 0.0006701 0.0015423 0.0030239 0.0008114
Force Y in stage 2 Fy,,, N 0.0013324 0.0008649 0.0004675 0.0026075 0.0012751
Force Z in stage 2 F,1,,, N —0.0440243 —0.0440864 0.0000621 —0.0438481 0.0001763
Moment X in stage 2 M,T,,, Nm 0.0510070 0.0456808 0.0053263 0.0434219 0.0075851
Moment Y in stage 2 Myty,, Nm —0.0237159 —0.0311270 0.0074110 -0.0288623 0.0051464
Moment Z in stage 2 M,1,,, Nm 0.0018456 0.0000837 0.0017619 0.0003308 0.0015148
5000 — TIx Uxo
S 30, - b
4000 " 0
© 20 S D Uz0
€ 3000 - E20f N
43 o \\
(5] o \
£ 2000 | = 2
ks £ \
& &) 10 B \\\
1000 | PP e B \
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Figure 4. The variation in state variables estimation relative error and telemetry RMSE without the
hierarchical method. (a) Estimation of ry; (b) Estimation of vg; (c) Estimation of GPS errors; (d) RMSE
of all telemetry variables.

From the simulation result of hierarchical model updating, the RMSE of telemetry
variables is significantly reduced by multi-loops iterative updating, which validates the
model updating method. For the state variables, the updating results of the second loop
are closer to the true values than that of the first loop.



Appl. Sci. 2023, 13, 4980 17 of 18

5. Conclusions

To reflect the coupling effect between the subsystems and improve the prediction
accuracy of the vector electric-propulsion satellite model, the mathematical model is estab-
lished according to the whole satellite, subsystems, and devices. The state variables and
telemetry variables that have a major influence are selected, grouped, and sorted by the
hierarchical rules proposed. Each group is then updated by leveraging the least-squares
method in sequence. The iteration loop is executed until the telemetry errors converge to
the expected threshold.

The simulation results show that the residual errors of telemetry variables become
smaller, and the estimation values of state variables become closer to the true value by
hierarchical model updating with the close-loop iterations, which verifies the effectiveness
of the hierarchical rule in solving the model updating problem of the vector electric-
propulsion satellite.

The research in this paper provides a method to decompose a complex system into
simple parts and solve them separately, which can not only be used for model updating
of vector electric-propulsion satellites but also can be extended to other complex satellite
digital twin models.
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