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1. Introduction

The electric sail is a new space propulsion concept which uses the solar radiation
momentum for producing thrust. The electric sail is somewhat similar to the more well-known
solar radiation pressure sail which is often called simply the solar sail.

A full-scale electric sail consists of a number of long, thin conducting wires. The
spacecraft contains a solar-powered electron gun (typical power a few hundred watts) which
is used to keep the spacecraft and the wires in a high (up to 20 kV) positive potential. The
electric field of the wires extends a few tens of meters into the surrounding solar wind plasma.
Therefore the solar wind ions "see" the wires as rather thick, about 50 m wide obstacles. A
technical concept exists for deploying (opening) the wires in a relatively simple way and
guiding or "flying" the resulting spacecraft electrically. The implementation details are
presently under study [1].

The dynamic pressure of the solar wind varies but is on average about 2 nPa at Earth
distance from the Sun. This is about 5000 times weaker than the solar radiation pressure. Due
to the very large effective area and very low weight per unit length of a thin metal wire, the
electric sail is still efficient, however. A 20 km long electric sail wire weighs only a few
hundred grams and fits in a small reel, but when opened in space and connected to the
spacecraft's electron gun, it can produce a one square kilometre effective solar wind sail area
which is capable of extracting 1-2 mN force from the solar wind. For example, by equipping a
small, 200 kg, spacecraft with 100 such wires, one may produce acceleration of about 1

mm/s” . After acting for one year, this acceleration would produce a significant final speed of
30 km/s. Small payloads could be moved quite fast in space using the electric sail, a Pluto
flyby could occur in less than five years, for example. Alternatively, one might choose to
move medium size payloads at ordinary 5-10 km/s speed, but with lowered propulsion costs
because the mass that has to be launched from Earth is small in the electric sail. A schematic
view of the deployment phase of a spinning electric sail is presented in Figurela. Only twelve
wires have been drawn for simplicity. Figure 1a shows a dummy of the electrical solar sail
consisting of twelve sections, and Figure 1b shows electrical solar sail that is unrolling
monostable [2]. There are the following necessary servers of the solar sail: body — resolver; solar panel;
wire; antenna and electron gun. The resolver is a technical block which consists of the devices of solar
sail control system. A full-scale electric sail consists of a number (50-100) of long (e.g., 20 km),
thin (e.g., 20 um) conducting tethers (wires). Table 1 [3] shows the mesh mass m, obtained
acceleration at 14U under nominal solar wind conditions a, approximate final velocity Vgina=

[2a(14U)], total electric power consumption P, and fraction of power consumed,

distributed in the wire mesh rather than the voltage source. The first column is the mesh size
L, and the second column is the wire diameter 2r. In all the cases considered, the last column
value remains small. (In the last row it is 10%). When this parameter is small, the acceleration
is independent of the mesh size and the scaling of the system is trivial. Obtaining large



accelerations and final velocities requires using thin wire, which is technologically more
challenging than using a thicker wire.
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Figure 1a. Electrical solar sail scheme with 12 sections of wires
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Figure 1b. Electrical solar sail is unrolling monostable

Table 1
Electric sail configurations
L, km 21, um m, kg a, m/s2 Viinal, Km/s P Puire/P, %
30 10 250 7*10-3 46 80 W 0.06
30 5 63 0.027 91 40 W 011
60 2.5 63 0.11 183 80w 1

200 2.5 700 0.11 183 1 kw 10




The problem is to find the optimal control law wu(#) (where 7e(f,¢,)), which
minimizes the time ¢, necessary to transfer the spacecraft from an initial state x, = (7,,v,) to
a final state x; =(r;,v;) by maximizing the performance index J(u). To obtain the optimal

control law wu(¢) in the domain of feasible controls U, different authors are using the

Pontryagin’s maximum principle, whose essence is that at a certain instant of time the
Hamiltonian is an absolute maximum [4].
In this paper we consider the design of the optimal control law u(z) by selecting the

domain of feasible controls U, in which at a certain instant of time the functional J(u) is
minimized.

J(u) :% <e,(T),Fe,(T) > +% [ [<e).Qe() > +<u@).ROu@)>1dz, (1)

where F — (m, m) constant positively semi-determined matrix; Q(¢) — (m, m) positively semi-
determined matrix; R(?) — (7, r) positively determined matrix; 7 — eventual time. Two vectors
dot product is indicated with <e;, e;>. Indeed, optimal control does exist and is explicitly
defined [5] by

u(®) =R (OB" ())[p() - KO)x(1)]. 2)
True symmetric positively determined (n, n) matrix K(¢) is the solution of matrix
differential Riccati equation:

K(1) = -K(@®)A(1) - AT ()K(@) + K@OBOR ™' (B (1)K (1) - C"()QNOC(H)  (3)
with boundary condition K(T)=C"(T)FC(T).

The second part of the problem definition for dynamic system optimal control is
providing its time-optimal high speed. Thus the requirements for the chosen quality control
functional (1) expand. Additional requirements, on the one hand, are to consider time
variations of the dynamic system’s parameters (coefficients of the matrices A(¢) and B(?)), and
adaptation of control algorithm that forms control signals (2) vector both to the changes of the
system’s internal parameters and to the variable in time system’s external influences, on the
other hand.

It is planned to achieve realization of these additional requirements by including an
identifier into control contour of the dynamic system [6, 7].

The following tasks are set for the identifier algorithm:

- solution of parametric identification problem for the controlled dynamic system, i.e.
calculation of the current values of state matrix A(¢) and control matrix B(#) in terms of the
measured consequences of output vector Y(#) and control vector U(¢) in the defined time
interval;

- calculation of gain matrix K(¢) in each renovated interval of matrices A(¢), B(¢);

- modification of the control algorithm in the required time interval by both modifying system
parameters and changing external disturbing factors.

2. Structural diagrams of the control system of the electrical solar sail

2.1. Equations of motion of the electrical solar sail

Let the reference frame [=(e,e,e,) be an inertial right-handed Cartesian

coordinate frame. The equations of solar sail motion in the /-frame are [1]:

r=v, (4)



M
V=——r+a
7 3 ’ (5)

where r=(r,r,r,) is the sailcraft position and v=(#,7,%)=(v,,v,,v,) the sailcraft

velocity, » =|r| , 4 1is the sun's gravitational parameter, and « is the acceleration acting

on the wires. Within this model of the electrical solar sail, the optimal control problem must
be solved using relations (1), (2) and (3)

For simplicity of analysis of the equations of electrical solar sail motion, there are
considered equations of inertial right-handed motion for coordinate x, e. g.

Fe= Vo (6)

- M
V. =— —=r+a
x r3x ' (7)

We obtain the transfer function of the electrical sail using the Laplace transform:
_V(s) a
Z(s) 2, %
r

2.2. Structural diagrams of the control system of the electrical solar sail

G,(s) : (8)

N

Figure 2 shows the functional structure of the solar sail control system which consists of
n sections (wire).
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Figure 2. Structural diagram of the control system of the electrical solar sail

In this scheme:

z(?), Y(t) — mput and output signal for the simulation of the model of the solar sail;
u(?) — control signal from the feedback control system;

X;(t) —vector state space of the control system;

Ty —external action for the electrical solar sail (sun light);

G.(s) = L transfer function of the controller of the solar sail;
s



G, (s) —transfer function of the solar sail of one section of wire (i=1, ...,n);

a — transfer function of the model of the electrical solar sail;

G,(s)=

S2+73
7’

k . ) :
G, (s)=—4 7 transfer function of the mechanism for control of the solar sail;
s+

K, — matrix coefficients of the optimal control system of the solar sail;

k., — coefficient of the feedback control system of the solar sail.

Igr

Identifier is the device which contains algorithms for computing coefficients of

matrices A, B of the solar sail control system.

Each section would be unroll after the solar sail proves to be orbital space. For solving
that task we consider each section of the control system. Figure 3 shows a functional structure
of one section of the solar sail.
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Figure 3. Structural diagram of one section (wire) of the control system of the electrical solar sail

In this scheme:

zi(), Yi(t) — imput and output signal for the simulation of the one section model of the solar sail;
ug(?) — control signal from the feedback control system of the one section of the solar sail;
Xix(t) — vector state space one section of the solar sail of wire of the control system;

Ty — at the internal force (sun light) act of the every section solar sail of wire;

G,(s)= A o_ the transfer function of the controller of the solar sail of wire;
s

k . . . .
G, (s) =—— — the transfer function of the reel one section of the solar sail of wire;
s+a
k . . .
G, (s) =—-—— the transfer function of the mechanism for control of the reel one section of
s+
wire;
K, — matrix coefficients of the optimal control system of one section of the solar sail of
wire;

k., — coefficient of the closed-loop of the control system of one section of the solar sail of

wire.



Here the identifier is the device which consists of algorithms for computing the

coefficients of matrices A, B for the control system of one section of the solar sail.

3. Design of the optimal control law for one section of wire of the solar sail

According to the structural diagrams of one section (wire) shown in Figure 3, the
transfer function of the closed-loop of the control system of one section is:

& ka kb
G (s) = G, (s) _ s(sta)(s+b) k, ©)
o 1+ G, (s)H(s) 1+MH(S) s> +my s> +mos+k,
s(s+a)(s+Db)

where G, (s) — transfer function of the open-loop of the control system of one section;

G, (s) — transfer function of the closed-loop of the control system of one section;

H(s) =k, ,— coefficient of the closed-loop of the control system of one section, let H(s)=1;

k, =kk,k,;m,=a+b;m,=ab —the coefficients of the transfer function G, (s).

To design the optimal control law of the matrix K, , using of MATLAB command, we find
K, .= [8.4513;12.9153; 7.2081; 1.1125].

Then we find the transfer functions of the controller for every coordinate of the one

section wire
G, (s),whichare: G, (s)= 8451 ; Gu,(s)=12.92; G,;(s)=7.208; G,,(s)=1.112.
s
The dynamical characteristics (Bode Diagram) of the one section wire of the electrical solar
sail shown in Figure 4 (the left-hand part) confirm that the closed-loop system of the one section
wire is unstable.
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Figure 4. The Bode diagrams of the one section of wire

To design the optimal control law which would guarantee the stability of the control system we
use the algorithms of parametric identification to compute coefficients of matrices A and B. These
coefficients are used to compute matrix coefficients of the optimal control system K, , when

solving Riccati equation.



The dynamical characteristics (Bode Diagram) of the one section wire shown in Figure
4 (the right-hand part) confirm that the closed-loop system of the one section wire is stable when
the algorithms of parametric identification are used in the control system. For the system
parameters in the control algorithm used, we obtain:

Gm=10.5 dB; Pm = 125 deg; Wcg = 5.9 rad/sec.; Wcp = 1.31rad/sec.

Hence, the controlled system is stable.

4. Design of the optimal control law of the electrical solar sail

According to the structural diagrams shown in Figure 2, the transfer function of the open-loop of the
control system of the electrical solar sail is:

k 12k k
G, (5) = G.(5)G,,. ()G, ()G, (5) = > — il g d
s s +m s +m,s+k

M s+d -
r3

mg® +

B 12g kyk K,
s7+fls6+f2s5+f3s4+f4s3+fss2+f6s'

(10)

For this model the coefficients of transfer functions are the following:
a=1,b=1,d=1, k=1, k,=1, k, =1, k, =1, k, =kk,, m, =a+b, m,=ab, g="=,
r

fi=d+my, f,=dm,+m,+q, f[;=mq+dm,+dq+k,, f,=dk,+dm,q+m,q,

fs=dm,q+qk,, fo=dqk,. (11)

The transfer function of the closed-loop of the control system (/(s) =k, =1) of the electrical solar

sail is:

G (s)= G, (s) _ 12g kk ,k,

P TIRG, (VH(S) S+ [ 4 o5 4[5 4[5 + fo5° 4 S5t [,

where f, =12gk k k.

Using MATLAB command to design the optimal control law of the matrix X, , we find
K, =[44.7214;153.2489; 160.8063; 142.3401; 80.4571; 64.8391; 17.5343; 3.0579].

Then, find the transfer functions of the controller of the electrical solar sail for every coordinate
G, (s) which are:

Gcl(s)=¥, G.,(s)=153.2, G.,(s) =160.8, G.,(s) =142.3, G..(s) = 80.46,

(12)

G, (5)=64.84, G (s)=17.53, G.,(s) =3.058.

The dynamical characteristics of the electrical solar sail confirm that the closed-loop
system of the one section wire is unstable.

To design the optimal control law which guarantees the stability of the control system we use the
algorithms of parametric identification to compute coefficients of matrices A and B. These
coefficients are used to compute matrix coefficients of the optimal control system K, when

solving Riccati equation.



The dynamical characteristics (impulse response, Bode Diagram) of the electrical solar
sail, shown in Figures 5 and 6 confirm that the closed-loop system of the electrical solar sail is
stable when the algorithms of parametric identification are used in the control system. So, for
the controlled system parameters in the control algorithm, we obtain:

Gm=9.55 dB; Pm =132 deg. Wcg=5.78 rad/sec, Wcp=1.04rad./sec.

Therefore, the controlled system is stable.
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Figure 5. The Impulse response G¢i(s)  Figure 6. The Bode diagrams of the electrical solar sail
5. Summary

Modelling results of time-optimal adaptive system with a linear-square regulator in a
feedback loop and parametric identification algorithm confirm that the synthesized control
system of electric solar sail is steady. The comparison of efficiency of the adaptive control
system of electric solar sail with the similar systems using Pontryagin's maximum principle
confirms its advantage.
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Matvejevs Aleksandrs, Matvejevs Andrejs, Vulfs Girts. Uz parametriskas identifikacijas bazeta elektriska saules
sparna adaptiva vadiba

Darba apspriesti dinamisku objektu vadibas un identifikdacijas optimalu algoritmu pétijuma rezultati, kas funkcioné
ekstremalos apstaklos pie ierobezotas aprioras informdcijas. Par pétijuma objekta modeli tiek izvéléts
elektriskas saules buras modelis, kas funkcioné piezemes orbitas. Elektriska saules bura sastav no tievu
elektrisko vadu tikla, ar katra vada diametru ap 10 mikroniem un kopigu vadu garumu vairak par 30 000
metriem, un elektroniskas aparatiras kompleksa, kas nodrosina sis sistemas ilgstoso funkcionéSanu kosmiskaja
telpa. Raksta tiek aplitkotas objekta struktiiras ipatnibas un ta vadibas sistémas funkcionald shéma. Ir analizéti
informdcijas mériSanas sistemas algoritmi, kas nodroSina  funkcionéjosas sistemas stavokja objektivu
novertejumu. Tiek piedavati optimalo algoritmu dazadi varianti, kas nodroSina vadibas sistemas stabilitati pie
areju faktoru iedarbibas.

Matvejevs Aleksandrs, Matvejevs Andrejs, Vulfs Girts. Adaptive control of the electrical solar sail based
on parametric identification

Research results of optimal control and identification algorithms of the dynamic systems in extreme conditions
and limited prior information are discussed. The model of electrical solar sail is chosen as an object for
research. The electrical solar sail consists of a net of the thinnest electric send-offs with a diameter of 10
microns, whose general length is more than 30 000 meters and complex of electronic equipment, providing the
permanent functioning of this system in space. Features of structure and function scheme of the object control
system are considered. The algorithms of information and measuring system providing the objective estimation
of the system and its stability are analyzed. Modelling results of some variants of optimal algorithms of the
control system providing its steady functioning under influence of external factors are examined.

MartseeB Agexcanap, Marees Amnapei, Byiand I'mpr. AnanTuBHoe ympasiieHHe 3JIEKTPHYECKOIO
COJIHEYHOT'0 Mapyca HAa OCHOBe MapaMeTPHYecKol naeHTUuHKanuu

B pabome obcyscoaiomes  pe3ynromamul  UCCIEO08AHUA  ONTMUMATLHLIX — ANCOPUMMOE  YNPAGNEHUs U
udenmupurayuu OUHAMUYECKUX 00beKMo8, YHKYUOHUPYIOWUX 8 IKCTNPEMATbHBIX YCIOBUAX NPU OPAHUYEHHOL
anpuopnoi ungopmayuu. B xauecmee obvexma ucciedosanus 6blOpaHa MOOelb «INEKMPUYECKUll COTHEUHbIT
napyc» - 8bl800UMOe Ha OKOJIO3EMHYIO OPOUMY YCMPOUCME0, COCMOosiuee U3 CemKu MOHYAUUUX DTIEKMPULECKUX
npogooos odbuelt oaunvt 6oree 30 000 mempos u Ouamempom 6 10 MUKDOH, U KOMNJIEKCA eKMPOHHOU
annapamypbi,  obecneyusaroueli  OnumenvbHoe QYHKYUOHUPOBAHUE IMOU  CUCHeMbl 8  KOCMUUECKOM
npocmpancmee. Paccmampusaromesi 0CO6eHHOCMU NOCMPOeHUs. CMPYKMYPHOU U QYHKYUOHATLHOU CXeMbl
cucmemvl ynpasieHusi makum OObeKMOM. AHAIUBUPYIOMC aneopummsl UHGOPMAYUOHHO-USMEPUMENLHOU
cucmemul, obecneuusaroujie 00bEKMUBHYIO OYEHKY COCTNOAHUA QYHKYUOHUpylowet cucmemvl. Moderupyromes
8apUANBl NOCMPOEHUA CUCTNEMbL YNpaeieHus, obecneyugaiowue ee yCmouuusoe QyHKYUOHUposaHue noo
6o30eticmeuem GHewHUx Pakmopos. AHAnu3upyIomces pe3ynbmamol MOOEIUPOBANUS HEKOMOPLIX ONMUMATLHBIX
aAneoOpUMMO8 CUCMEMbl YNPAGILEHUSI KOHMPOIUPYEMO20 00bEKMA NPU 0ZPAHUYEHHOU anpuopHoOll ungopmayuu o
€20 COCMOSIHUM.



