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ABSTRACT 

A PID controller satellite attitude yaw-axis control system was designed to 

step the angle of the satellite body via actuating a precise angular position of a DC 

motor as quickly and accurately as most optimally possible. The (PID) controller was 

advantageously chosen for its quick transient response and zero steady-state error. A 

mathematical model has been derived for the whole satellite attitude yaw-axis control 

system. Then, the computation power of the MATLAB is utilized to obtain a 

generalized optimal controller design that enables the satellite attitude yaw-axis 

control system to have the quickest settling time without excessive overshoot and zero 

steady state error. 

 الخلاصة 

تلسمممم لاسل  ممممو   لظومممممت    ( لضمممممسمممم لاس  ا مممم  تناسمممملات اتلي مممما    ت مممميم     ت يتممممم ت مممم  م  

تل حوزتلؼ ممو ) ا تناؼممستل ( ل ولممغ تلص ممس تنحمملاليػ  ضح ممم امممم اضممغ عسممم تلص ممس تنحمملاليػ  ضيلصتااممت 

تناسملات نا مست ب ضسمسػت   س لاس  ا م تلتخم يز  تمتل لا وضت ػاس محسّك مايشس تلم يز ضيمثل  سػت اتفضل  لتّ .

 تعم يشب لا لجيضت تلؼيضسل اتاؼدتم تلخلاأ ف  تلحيلت تل سمصسل.

تلس لاسل  و  تل حوزتلؼ مو ) ا تناؼمستل ( ل ولمغ تلص مس  لظومت ل    لذل تلسايض  توتلل  تشمصيق  تم

س  ا مم  تناسمملات تل سمم لا ل موحّممل لم مم  م الماالابلا .  ممم ت مممث سق تلصممدزل تلحي مموض ت لاستمج مميق تنحمملاليػ  

تلسم لاسل  مو  تل حوزتلؼ مو ) ا تناؼمستل ( ل ولمغ تلص مس تنحملاليػ  ذتق ملظوممت  تنمثل تلر) اسملا غ عؼمل

 ت مجيضيق ممجياشل للصلات تلضاط اتاؼدتم تلخلاأ ف  تلحيلت تل سمصسل. شمن ت مصستز ت سع ضدان تل ساز ػاس
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INTRODUCTION 
 

The control task of the satellite attitude control system demands an optimal 

controller capable of precisely rotating the satellite body into the desired attitude. The 

researches concerning satellite attitude control system are now conducted within the 

premises of international space centers like NASA, The Danish Ørsted Geomagnetic 

Research center / ESA , and charted universities / institutions like Princeton Satellite 

http://www.esrin.esa.it/
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Systems, Inc., CTA Space Systems, Inc. [1], engineering college of swarthmore of 

sccs  .  

Although some international efforts had been recently reported in the design 

of attitude control system such as the Ørsted satellite attitude control system (ACS) 

project [5] [6] [7] [8] for its 65 kg micro-satellite, and a mutual project paper issued 

by Princeton Satellite Systems, Inc., together with CTA Space Systems, Inc., the 

development of Satellite Attitude Control System architecture, called the 

SPACECRAFTC ONTROL SYSTEM [1]. However this research paper reports an 

alternative powerful optimal controller design for the satellite ACS empowered by the 

computational tools of MATHLAB [3]. 
 

The satellite attitude control system manipulates, in this paper, the angular 

position of the satellite body around the yaw axis. A DC motor is advantageously 

selected [2] [5] as the actuating element to rotate the satellite body to the desired yaw 

angle. An amplifier is saturated by the correcting signal from the designed optimal 

PID controller [1] [2] [4] to obtain the quickest response with zero steady state error. 

The mathematical model of the whole satellite system has been derived. A 

PID controller is optimally designed accordingly via a powerful MATLAB program 

and a Nyquist stability analysis is conducted. 

SATELLITE SYSTEM MATHEMATICAL MODEL:  

 The satellite attitude control system can diagrammatically be represented by 

the following block diagram; 

Satellite system DC

motor
Amplifie

Designed

Controller
Өi(s) Өo(s)

-
+

T(s)Va(s)U(s)E(s)

The Satellite attitude control systemFig.(1)
 

The moment of inertia of the entire system is J, which encompasses both the 

satellite body moment of inertia about the axis of rotation at the center of mass (Jf) 

and that's of the motors' armature (Ja). There is a viscous friction, B, as part of the 

load elements. 

Let us first obtain the transfer function of the satellite system. The angular 

displacement o(s) of the satellite body around the yaw-axis is the output of the 

satellite system and the DC motor torque T(s) is the input. Thus the transfer function 

of the satellite attitude system is (o(s)/ T(s)). 

The differential equation for the load elements is; T
dt

d
B

dt

d
J oo  )()(

2

2 
   .. (1) 

Taking the Laplace transforms of both sides of equation (1) and assuming zero initial 

conditions, we get after rearranging; 
J

sT
s

L

B
ss o

)(
)()(    ………… (2) 
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Directly from equation (2), 

)(

1

)(

)(

J

B
ss

J

sT

so






 ………….(3) 

Next, the transfer function of the DC motor can be obtained as the torque T(s) 

is the output form the motor, and the input is the amplifier voltage (Va(s)), which 

supplies current (ia) to the resistance (R) and inductance of the armature winding, 

consequently, the motor creates a back-emf, vm. Thus, by applying the kirchhoff's 

voltage law, the differential equation for the DC motor armature circuit is;       

)()( maa
a vvRi

dt

di
L    ……………. (4) 

Taking the Laplace transforms of both sides of equation (4) and assuming zero initial 

conditions, we get; 

)(

))()((
)(

L

R
sL

sVsV
sI ma

a




  …………….. (5) 

 Since the motor's torque (T) is proportional to the armature current, ( ia). Then,                  

T=KT ia …….. (6) 

Taking the Laplace transforms of both sides and Substituting, we get;           

                      

)(

))()((
)(

L

R
s

sVsV

L

K
sT maT




    …………..   (7) 

Where, KT; is the torque gain. 

And the angular velocity from the motor is proportional to the back-emf, vm, thus; 

                      
dt

d
Kv mm


     ………… (8) 

Where, Km; is the back-emf, (vm), gain. 

Since at steady state, the angular acceleration term = zero, in equation (1), so we get; 

                     
dt

d
BT


     ………… (9) 

From equations (8) & (9) we get,  T
B

K
v m

m      ………… (10) 

Taking the Laplace transforms of both sides, substituting, and rearranging we get; 
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)(

))()((
)(

L

R
s

sTKsBV

BL

K
sT maT




    ………..  (11) 

                      ))()(()()( sTKsBVsT
L

R
sBL ma   ………….. (12) 

                     )()()( sBVKsTKKBRBLs aTmT     ………….  (13) 

                      )()()
)(

( sBVKsBLT
BL

KKBR
s aT

mT 


   ………….. (14) 

                     )(

)
)(

(

1
)( sV

BL

KKBR
s

L

K
sT a

mT

T




   ………….. (15) 

Hence, the DC motor has a first order transfer function; 
)()(

)(

bs

K

sV

sT k

a 
     ….. (16) 

Where,
L

K
K T

k  , and, 
BL

KKBR
b mT )( 
  

 Now, the control signal, U(s), is the feeding signal to the isolating amplifier 

of the DC motor, and its output, Va (s), equals the input signal multiplied by the 

amplifier gain, K amp, hence the amplifier's transfer function is; amp
a K

sU

sV


)(

)(
  ...  (17) 

Therefore, the satellite attitude system transfer function 
)(

)(

sU

so  can be obtained from 

equations. (3), (19) & (20), with the angular displacement o(s) of the satellite body 

around the yaw axis is the output of the satellite system and the control signal, U(s), is 

the input as following; 

))((
)(

)(

bs
L

B
ss

K

sU

s ako






   ……………  (18) 

Where, 
L

KK
K

kamp

ak   

Equation (18) represents the satellite system transfer function which is a type one 

system.   

 The gains and the constant parameters within the general transfer function, as 

presented in equ (21), of the satellite system may be determined by selecting the 

closed loop pole locations. When selecting the pole locations, it is important to 

consider first the numerical values of the particular satellite body inertia, the DC 

motor armature inertia and electrical & electronics components, and the amplifier gain 
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value. Hence, the following numerical values will be accounted for in this paper to go 

forward in the optimal controller design;  
)5(2(

1

)(

)(




ssssU

so    ……………… (19) 

PID CONTROLLER DESIGN: 

The satellite attitude control problem, in this paper, is to design a PID controller, able 

to step the yaw-axes angle so that the satellite body can be rotated into the desired 

attitude with little overshoot as quickly as less than two second settling time estimated 

for an approximately 90 degree step.  The settling time criterion was within 98% of 

the final value. 

The PID controller might be designed, as the control platform scheme for the satellite 

attitude control system. The controller transfer function, Gc(s), is; 

              )
1

1(
)(

)(
)( sT

sT
K

sU

sE
sG d

i

pc    …………….. (20) 

Where, Kp = the proportional gain, Ti = the integration time, Td = the derivative time. 

Since the satellite attitude transfer system has an integrator, equ (22), hence the PID 

design starts with the second method of the Ziegler-Nichols tuning rule [7] [9]; and 

the controller transfer function become;    
s

as
KsGc

2)(
)(


    …………. (21) 

And the control problem is to determine the values of, K, and, a, such that the unit 

step response will exhibit the maximum overshoot, m,  between 5% and 0%, and the 

settling time, ts, will be less than 2 sec. 

 A MATHLAB program is written to set the search region as; 

      2  K 40             0.05  a  0.5 

The step size for, K, to be 1 and that for, a, to be 0.05, so that to find the first set of 

variable (K) and (a) that will satisfy the satellite attitude control specifications. 

The closed loop transfer function 
)(

)(

s

s

i

o




 is given by; 

)2)5(6(

)2(

)(

)(
2234

22

KaKassKss

KaKasKs

s

s

i

o









   ………………..  (22) 

A possible MATLAB program that produces the first optimal set of variable (K,a) and 

that will satisfy the given specifications is shown in appendix (1). The optimal values 

obtained by this program are; K = 21.0000, a = 0.3000, m% =4.71%, ts = 1.8100 sec.     

The resulting unit-step response curve is shown in appendix (2). 
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STABILITY ANALYSIS: 
  The designed optimal controller satellite attitude system may confidently be 

verified further by the stability analysis via Nyquist diagram. Thus, the open loop gain 

is given below:
)5)(1(

)(
)()(

2

2






sss

asK
sGsG satc    ……………. (23) 

Substituting the optimal values (K, a) of the PID controller in the above equ., and re-

write it into a polynomial form, we get;
)56(

)89.126.121(
)()(

34

2

sss

ss
sGsG satc




 … (24) 

Consequently, the Nyquist plot is shown in appendix (4) as a result of running the 

MATLAB program in appendix (3). 

Since the (-1) point is not encircled, the system is stable, which is confirmed 

by the obtained step response of the satellite attitude control system, as the unit step 

response exhibits the maximum overshoot, m,  between 5% and 0%, the settling time, 

ts, is less than 2 sec, and zero steady state error. Thus the satellite did not lose control 

of itself when performing the real life operations in space. 

COCLUSION 

 

 A PID controller is optimally designed for the satellite attitude control system 

so that the satellite body can be rotated around the desired Yaw-axis attitude of (90) 

degrees as quickly as less than (2) second settling time without excessive overshoot of 

not more than 4.71 %. A mathematical model for the satellite attitude control system 

is derived to be repeatedly utilized in analysis and design of the PID controller.  

 

The powerful MATHLAB was the tool for the design and stability analysis 

stage. The outcome is a MATHLAB program which outputs an optimal PID 

controller parameters (K, a) to suite the control requirements of any satellite attitude 

control system.  
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%%%%%%     PID controller for the SAC system %%%%%%%%%%%%%%%%                 

t=0:0.01:2.5; 

for k = 40:-1:2;%start outer loop to vary the k values 

    for a = 0.5:-0.05:0.05;%start inner loop to vary the k values 

        num = [0 0 k 2*k*a k*a^2]; 

        den = [1 6 5+k 2*k*a k*a^2]; 

          y = step(num,den,t); 

          m = max(y); 

          s = 251; while y(s)>0.98&y(s)< 1.02; 

              s = s-1;end; 

          ts = (s-1)*0.01; 

          if m<1.05 & m > 1.00 & ts < 2.0 

              break;% breaks the inner loop 

          end 

    end 

    if m<1.05 & m > 1.00 & ts < 2.0 

              break;% breaks the outer loop 

          end 

    end 

    plot(t,y); grid; title( 'the satellite attitude control system unit step response') 

    xlabel('t  sec'); ylabel(' the satellite angular yaw axis position') 

   solution = [k;a;m;ts] 

  

solution = 

  

   21.0000 

    0.3000 

    1.0471 

    1.8100 

               

Appendix (1): a MATHLAB program to obtain the optimal PID controller   

                       parameters (K, a) that meets the satellite attitude control system. 
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Appendix (2): The unit step response of the SAC system. 

 

%%%%%%% Nyquist plot of the SAC system open-loop transfer function %%%%% 

%%%% Gc(s)Gsat(s) = (21s2+1.26s+1.89)/(s4+6s3+5s2)%%%%%% %%%%%%% 

 

num = [0 0 21 1.26 1.89]; 

den = [1 6 5 0 0]; 

nyquist(num,den) 

v = [-2 2 -5 5];axis(v) 

grid 

title('Nyquist plot of Gc(s)Gsat(s)') 

Appendix (3): MATLAB program to plot the Nyquist Stability Diagram for the PID- 

                        controlled satellite attitude system. 
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Appendix (4): Nyquist Stability Diagram for the PID-controlled satellite  

                       attitude system. 

 

 


