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Abstract. This paper presents a mathematical model of a gyroscope system with  

a sliding mode controller. A comparative analysis based on various control algorithms 

implemented in a controlled gyroscope system installed on a mobile platform (such as 

an UAV or a homing rocket missile) proved that sliding mode control can be highly 

effective, especially when external input interferences exist with the kinematic reactions 

of the mobile platform. A gyroscope system with a sliding mode controller can be used 

in the optical target seeker systems of precision weapons. The simulation results are 

provided in a graphical format. 

Keywords: mechanical engineering, controlled gyroscope, sliding mode controller, 

dynamics, control 
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1. INTRODUCTION 

 
Observation, targeting and tracking systems share one core component, 

known as the target seeker, or simply the seeker, the primary function of which 

is to determine the target line of sight (T-LOS). Most seeker systems are 

installed on mobile platforms, such as aboard homing missiles, UAVs, and 

mobile missile launchers. In these environments, the seekers are exposed to 

deterministic interactions and random interactions [1, 2]. This paper describes  

a T-LOS control and stabilizing system, operated under deterministic and 

random interactions, in the form of a gyroscope system (GS). The operating 

precision of the GS determines the accuracy of the seeker. 

Figure 1 gives a simplified functional scheme of a gyroscope seeker system 

installed on a homing air platform. 

 

 
 

Fig. 1. Functional scheme of a gyroscope seeker system on a homing air platform 

The seeker's axis is mounted on a ball joint and is capable of angular 

displacement (inclination). The purpose of the seeker is to (i) determine the 

angle between the seeker axis (SA) and the target line of sight (T-LOS) during 

the flight of the air platform (AP) and (ii) automatically equalize that angle (i.e. 

to automatically align the SA with the T-LOS), to allow the seeker to track the 

target. 
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The SA to T-LOS angle is a bias in the automatic target tracking process. 

When the SA tracks a target, i.e. the SA coincides with the T-LOS, then the SA 

to T-LOS angle is known. The SA to T-LOS angle is output to the AP autopilot, 

which in turn outputs appropriate commands to the AP controller system. The 

AP controller system actuates the control planes to achieve the required changes 

in the course of the AP [3]. 

Note that the design parameters of the gyroscope system alone cannot 

provide sufficient accuracy of the T-LOS position setting. In order to keep the 

T-LOS continuously aligned with the GS axis, optimum (given the adopted 

criterion of quality) parameters of the controller should be provided to minimize 

the dynamic effects applied to the system [4]. This work provides the results of 

tests that indicated that the best way to achieve this objective would be to 

implement a sliding mode controller in the gyroscope system. 

 

2. EQUATIONS OF THE DYNAMICS OF THE MOBILE 

PLATFORM GYROSCOPE SYSTEM 

 
Figure 2 presents an overview of the gyroscope system (GS) with the 

applied forces and force moments. 

 

 

Fig. 2. Overview of the gyroscope system 
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The following coordinate systems were applied: 

oO  – movable coordinate system with the origin on the mobile platform 

(the board of the air platform); 

111 zyxOg  – movable coordinate system with the origin on outer frame C; 

222 zyxOg  – movable coordinate system with the origin on inner frame B; 

333 zyxOg  – movable coordinate system with the origin on rotor K. 

The other values in Fig. 2 are as follows: rqp ,,  – components of the 

mobile platform angular velocity vector; ggg  ,,  – angles of own rotation, 

inner frame rotation and outer frame rotation, respectively; cbk MMM ,,  – force 

moments applied to the rotor, the inner frame and the outer frame, respectively; 

rcrbrk MMM ,,  – moments of friction forces within the mounting bearings and 

from the drag. 

Lagrange second kind equations were used to derive the most generic 

equations of dynamics of the gyroscope system on the mobile platform: 
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with: 

111
,, zyx JJJ  – moments of inertia of the outer frame; 

222
,, zyx JJJ  – 

moments of inertia of the inner frame; 
333

,, zyx JJJ  – moments of inertia of 

the rotor; gm  – mass of the inner frame and rotor; gl  – distance from the 

GS mass centre to the GS centre of rotation; oV  – linear velocity of the 

mobile platform,  

 



Sliding Mode Control for a Gyroscope System 

 

 

51 

and: 

gggx qp  sincos
1

 ; 

gggy qp  cossin
1

 ; 

rggz  
1

; 

ggzggxgx  sincos
112

 ; 

ggygy  
12

; 

ggzggxgz  cossin
112

 ; 

ggxgx  
23

 ; 

gogx VV cos
1
 ; 

gogy VV sin
1

 ; 

ggygggxgx lVV  sincos
12 1  ; 

 
212 1 gzgzggygy lVV   ; 

 
212

cossin1 gyggygggxgz lVV   . 

It was assumed that the gyroscope system was astatic: 0gl , the moments 

of inertia of the frames could be ignored: 0
111
 zyx JJJ ; 0

222
 zyx JJJ , 

the angles gg  ,  and the angular velocities gg   ,  of the GS axis were 

negligible; hence, the equations of motion (1) to (2) became: 

     rbbgggoggk MMrnJqJ     (3) 

     rccgggoggk MMqnJrJ     (4) 

with:  

33 zygk JJJ  , 
3xgo JJ  ; 

gbrbM   , gcrcM   ; 

constn gg    – angular velocity of the rotor; 

cb  ,  – friction coefficients in the mounting bearings. 

 

3. GYROSCOPE SYSTEM CONTROL 

 
The control of the gyroscope system was defined by equations (1) to (4) 

and installed on the mobile platform and designed to be based on two 

controllers: 

1. A proportional-derivative controller (PDC); 

2. A sliding mode controller (SMC). 
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Figure 3 shows the functional control diagram of the gyroscope system 

installed on the mobile platform. 

 

 
 

Fig. 3. Functional diagram of the gyroscope system control 

PDC 

The control law for the gyroscope system was developed in [1] and expressed as 

follows: 

  ehekekM gcbb
  (5) 

  ehekekM gbcc
  (6) 

with:  

 ,  – spatial orientation angle of T-LOS; 

  ge ; 
  ge ;   ge ; 

  ge . 

The PDC factors gcb hkk ,,  were optimized due to the minimum bias 

between the set and actual trajectories. 

The angles  ,  of T-LOS position are the angle settings input to the 

control system during tracking of the detected target and derived with the 

following system of equations used to describe the relative positions of the air 

platform and the target: 
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with: 

  – air platform distance to the target; 

co VV ,  – velocities of the air platform and the target; 

cc  ,  – yaw and pitch angles of the target velocity vector; 

oo  ,  – yaw and pitch angles of the air platform velocity vector. 

As the air platform approaches the target, the pitch and yaw angles o , o  

change as defined by the following relations (i.e. the proportional navigation 

algorithm): 

 go a 
1  (10a) 

 go a 
2  (10b) 

with: 

21,aa  – proportional navigation constants. 

 

Sliding mode controller (SMC) 

Sliding mode control is a type of robust control. The main advantage of 

sliding mode control is its insensitivity to external and internal interference  

[5, 6]. Moreover, a sliding mode controller (SMC) has a simple design and can 

be applied with highly non-linear systems, such as the gyroscope system 

investigated here [7]. Two sliding surfaces were defined: 

   eesg 11    (11a) 

   eesg 22    (11b) 

where: 21,  – positive constants. 

The slide mode control was determined with the following formulas: 

 beqgb MsKM  )sgn( 11  (12) 

 ceqgc MsKM  )sgn( 22  (13) 
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where: 

ceqbeq MM ,  – equivalent controls;  

21,KK  – sliding gain. 

The equivalent controls were determined by equating the control surface 

differential coefficient to zero, i.e. 01 gs  and 02 gs . 

To reduce chatter, the signum function was replaced with a saturation 

function [8, 9]. 

 beqgb MsKM  )/(sat 11   (14) 

 ceqgc MsKM  )/(sat 22   (15) 

where:  

  – thickness of the boundary layer. 

 

4. TEST RESULTS 
 

The simulation testing of the controlled gyroscope system dynamics 

included the following input parameters: 

 velocity and initial position of the air platform 

m/s 500oV , m0oX , m0oY , m0oZ  

 velocity and initial position of the target 

m/s250cV , m1000cX , m2000cY , m500cZ  

 angular velocity of the target velocity vector rad/s1.0c  

 proportional navigation constants 5.321  aa  

 parameters of the gyroscope system 
25 kgm 105.2

1

xJ , 
11 xy JJ  , 

11 xz JJ   

25 kgm  105
2

xJ , 
22 xy JJ  , 

22 xz JJ   

24 kgm  105
3

xJ , 24 kgm  105.2
3

yJ , 
33 yz JJ   

kg 240.mg  , rad/s  600gn , Nm/s  01.0 cb   

 gain factors of the PDC 

48.31bk , 986.2ck , 525.31gh  

 gain factors of the SMC 

751  , 151 K , 1502  , 152 K , 1  

The kinematic input functions of the air platform (a rocket missile) 

affecting the gyroscope system were adopted in a harmonic form: 

 tpp o sin ,  tqq o cos ,  trr o sin  

with: rad/s 5op , rad/s 5oq , rad/s 5or , rad/s 15 . 
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The tests were carried out in Matlab/Simulink with an integration step  

dt = 0.00001 [10]. 

Figures 4 to 7 show the simulation test results for the PDC (see left) and 

the SMC (see right) applied to control a non-linear gyroscope system defined 

with the equations (1-2) at m  001.0gl . 

  

Fig. 4. Variations in time of the pitch angles g and  

  

Fig. 5. Variations in time of the yaw anglesg and  

0 1 2 3 4 5 6 7 8
55

56

57

58

59

60

61

62

63

64

t (s)

th
e
ta

g
,e

p
s
ilo

n
 (

d
e
g
)

0 1 2 3 4 5 6 7 8
56

57

58

59

60

61

62

63

64

t (s)

th
e
ta

g
,e

p
s
ilo

n
 (

d
e
g
)

0 1 2 3 4 5 6 7 8
-13

-12.5

-12

-11.5

-11

-10.5

t (s)

p
s
ig

,s
ig

m
a
 (

d
e
g
)

0 1 2 3 4 5 6 7 8
-13

-12.5

-12

-11.5

-11

-10.5

t (s)

p
s
ig

,s
ig

m
a
 (

d
e
g
)



I. Krzysztofik, Z. Koruba 

 

 

56 

  

Fig. 6. Trajectories of the T-LOS and GS axis 

  

Fig. 7. Control moments 

Figures 8 to 11 show the simulation test results for the PDC (see left) and 

the SMC (see right) applied to control a non-linear gyroscope system defined 

with the equations (1-2) at m  005.0gl .  
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Fig. 8. Variations in time of the pitch angles g and  

  

Fig. 9. Variations in time of the yaw angles g and  

  

Fig. 10. Trajectories of the T-LOS and GS axis 
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Fig. 11. Control moments 

 

5. CONCLUSION 

 
The numerical simulation test results demonstrated the high effectiveness of 

the sliding mode control applied to the gyroscope system of the seeker for the 

hypothetical air platform. This is evident in the right-hand columns of the charts 

in Figs. 4 to 6 and 8 to 10. The quantitative tests used a mean-square error of 

bias criterion from the settings. The performance of the SMC was 

approximately 10% better than in the PDC. This is critical for the precise 

determination of the location of a target identified by an unmanned air platform 

and intended to be destroyed by a specific type of precision strike weapon. The 

case for controlling the gyroscope system of a target seeker in a homing missile 

was similar: the sliding mode controller provided the most stable tracking of  

a manoeuvring air target, even with transient disturbances occurring within the 

homing missile. 

The further research work requires experimental tests, initially in  

a laboratory setting followed by test range experiments, to confirm the 

simulation test results provided by the work presented here. 
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Sterowanie ślizgowe układem giroskopowym 

 
Izabela KRZYSZTOFIK, Zbigniew KORUBA

 

 
Politechnika Świętokrzyska,  

Aleja Tysiąclecia Państwa Polskiego 7, 25-314 Kielce 

 
Streszczenie. W pracy przedstawiono model matematyczny układu giroskopowego 

wraz z regulatorem ślizgowym. Analiza porównawcza różnych algorytmów sterowania 

zastosowanych w sterowanym układzie giroskopowym umieszczonym na ruchomej 

podstawie (np. na pokładzie bezzałogowego aparatu latającego lub 

samonaprowadzającego pocisku rakietowego) wykazała, że najbardziej efektywne jest 

sterowanie ślizgowe, zwłaszcza w warunkach występowania zakłóceń zewnętrznych  

i kinematycznego oddziaływania podłoża. Tego rodzaju układ może znaleźć 

zastosowanie w optycznych koordynatorach celu broni precyzyjnego rażenia. Wyniki 

badań symulacyjnych przedstawione zostały w graficznej postaci. 

Słowa kluczowe: mechanika, giroskop sterowany, regulator ślizgowy, dynamika, 

sterowanie 


