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Abstract—The specific scheme of two-loop attitude control 

system was formulated based on the design principle of attitude 

control system with the damping circuit as the inner loop and 

the overload control loop as the outer one. As required by the 

formulated scheme, the damping loop is designed firstly, of 

which the stability and the dynamic response quality are 

improved by adjusting the damping coefficient and the addition 

of the correction network. After that, the design and 

optimization of the overload control loop are implemented. With 

the same design method, gain coefficient and correction network 

are introduced to reduce overshoot of overload response curve, 

shorten response time and improve efficiency. Besides, the 

validity of the overload control loop is tested with square wave 

as input to reflect the real overload command signal. 

 

Index Terms—Autopilot; Damping Loop; Overload Control 

Loop; Attitude Control 

 

I. INTRODUCTION 

he core task of autopilot is to ensure that the missile tracks 

the input command generated by the guidance system 

accurately and robustly. Meanwhile, it makes the missile 

produce control torque and force based on the control 

command for the change of the attack angle. The direction of 

velocity vector is then altered to achieve stable fly of the 

missile before hitting the target. The multi-functionality of the 

new generation of advanced tactical missiles and the 

diversification of strike missions have placed new 

requirements on autopilots, such as providing large angle of 

attack, high maneuverability, and ensuring the robustness of a 

wide range of flight missions. At present, there are two kinds 

of autopilots that are widely used, i.e., the overload pilot and 

the angle control pilot. Distinguished by different control 

parameters, the angle control pilot follows the tracking 

guidance law for velocity or projectile, while the overload one 

utilizes the proportional navigation guidance law in most 

cases. For example, the American  "Sparrow" air-to-air  
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missile is equipped with the classic overload pilot. 

Autopilot is of great significance to the stability control of 

aircraft, which is available for the compensation to the 

aerodynamic parameters and the changes of aircraft 

parameters to stabilize the aerodynamic gain. Besides, it 

enhances the damping characteristics of the aircraft around 

the mass center angle, and improves the quality of the 

transition process. On the other hand, autopilot offers higher 

response frequency to the aircraft to ensure the guidance 

accuracy, and mitigates the influence of cross coupling 

between channels, thus increasing the anti-interference ability 

of the system. 

The classical control theory is mainly used in the design of 

traditional missile autopilot, in which the control parameters 

in line with the performance index are obtained by empirical 

equation and fitting method. These methods are characterized 

by high requirements on experience, and pretty long 

optimization cycle. In recent years, though many new missile 

autopilots based on modern control theory have been 

proposed, such as robust control autopilot, neural network 

autopilot, dynamic inversion control autopilot, singular 

perturbation margin autopilot and reinforcement learning 

autopilot[1-10] with novel and improved performance, the 

design of these methods has not been widely used. An 

optimization method is proposed in this paper for the 

traditional missile two-loop pilot based on time domain and 

frequency domain analysis, which is applied to the actual 

design of autopilot, and available to improve the design 

efficiency of control parameters. 

As a common type of overload pilot, the two-loop pilot is 

able to change the angular rate, thereby stabilizing the attitude 

of the missile, and improving the quality of the transition 

process of the guidance system. The response efficiency of 

overload command is improved through the control of 

overload. Besides, in this paper, the system response 

characteristics and frequency domain characteristics are 

analyzed through the scheme design, theoretical derivation 

and mathematical simulation. In the meantime, the 

comparison in terms of overshoot, rise time, amplitude 

margin and stability margin are done for the design and 

optimization of the two-loop pilot of guided mortar, thus 

providing a reference for the selection and design of the 

aircraft’s overload pilot. 

II. PETURBED MOTION EQUATIONS 

In the process of linearizing the perturbed motion equations, 

the following hypothesis are proposed: 

(1) In the undisturbed motion, the derivatives of lateral 

motion parameters, i.e., , , , ,v V     and the longitudinal 
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motion parameters to time are rather small. Besides the 

product between them and that of these parameters as well as 

other small quantities are omitted. 

 (2) The impact of the structural parameters of the 

projectile, atmospheric pressure, atmospheric density 

deviation and coordinate deviation on the disturbance motion 

need not to be taken into consideration. 

 (3) The inertial principal axis of the projectile body 

coincides with its geometric center axis, and the moment of 

inertia to any transverse axis of the mass center is equal. 

(4) Aerodynamics characteristics are axisymmetric, and the 

aerodynamic characteristics of the projectile remain 

unchanged when the longitudinal axis of the projectile rotates 

at any angle. 

(5) Rotating angular velocity of the projectile is the same in 

either disturbed or undisturbed movement. 

(6) The influence of washing delay on motion 

characteristics is ignored. 

Based on the above assumptions, the linearized 

perturbation motion equations are obtained as follows: 
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  (1) 

Where, 
z   and y   refer to the equivalent pitch rudder 

angle and equivalent yaw rudder angle respectively. VX  

refers to the simplified representation of partial derivatives 

used to represent /X V  . The same is true for other 

parameters of ,VY Z 
, etc. 

 The dynamic coefficient symbol is used to represent the 

coefficients in the equations to facilitate writing. The 

equations and motion parameter biases were numbered, as 

shown in Table I. 
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III. DESIGN PRINCIPLE OF ATTITUDE CONTROL SYSTEM 

The following principles should be followed at the time of 

the attitude control system design: 

(1)  Good dynamic characteristics and stability margin 

It is pointed out in Reference [11] that the transition 

process of mortar projectile is the shortest at the relative 

damping coefficient of 0.7 which is, therefore, roughly 

selected in the design of damping loop. The requirements of 

stability margin can refer to the indexes proposed in 

Reference [11], i.e., amplitude margin >8dB and phase 

margin >60 deg (60º). 

(2) The correction network should be furnished with 

certain adaptability 

A fixed correction network is used to decrease the 

complexity of attitude control system due to the fact that the 

characteristics of mortar projectile change gently during the 

flight. Besides, it is designed at the point of maximum natural 

frequency to ensure the adaptability of the correction 

network. 

(3) The attitude control coefficient should be furnished 

with certain margin 

Because the theoretical control coefficient is used in the 

design process of attitude control system, there may be some 

deviations between the actual control coefficient used in the 

missile borne control system and the control coefficient used 

in the design process. Generally, the attitude control system 

still shows a good stability margin when the attitude control 

coefficient changes from - 30% to 30%. 

IV. DESIGN OF ATTITUDE CONTROL SYSTEM 

The attitude control system has a significant influence on 

the maneuverability and interference suppression ability of 

the mortar projectile, which presents the basis of the guidance 

and control of the guided mortar. Besides, its main functions 

are described as follows: stabilizing the angular position or 

angular velocity of the projectile's axis in space; improving 

the damping characteristics of the projectile's motion around 

the center of mass and improving the quality of the transition 

process of the guidance system; stabilizing the static transfer 

coefficient and dynamic characteristics of the mortar 

projectile; and executing the guidance command by 

controlling the mass center of the mortar projectile to fly 

along the reference trajectory. 

Due to the limitation of aerodynamic configuration and the 

impossibility to select too large wing area, the relative 

damping coefficient of mortar projectile is usually small, that 

is, about 0.1 or even smaller. Even if the mortar projectile is 

stable, violent oscillation and overshoot will still be generated 

due to the interference, which will increase the angle of attack 

and the miss distance; while in the meantime, reduce the range 

and the tracking accuracy. In general, in the attitude control 

system, it is necessary to modify the damping characteristics 

of the missile body to increase the damping of the missile 

body, that is, an angular rate gyroscope is added to the missile, 

and the angular velocity of the missile body is taken as the 

feedback to construct the damping loop. In the attitude control 

system, the damping loop acts as the inner loop, while the 

outer loop refers to the overload control loop which takes the 

acceleration of the projectile as the feedback information. 
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Among them, the attitude angle information is obtained by 

MEMS gyroscope output signal, and the acceleration 

information is measured by the accelerometer. Besides, the 

schematic diagram of the attitude control system is shown in 

Fig. 1. 
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Fig.1  Schematic diagram of attitude control system 

 

Being axisymmetric in most cases, the pitch channel and 

yaw channel of the guided mortar have the same dynamic 

characteristics. In this paper, only the pitch channel is taken as 

an example for the design of the attitude control system. 

By means of the analysis of the whole ballistic dynamic 

coefficient of guided ammunition, the point with the 

maximum fixed frequency is selected as the eigenvalue point, 

and the relevant dynamic coefficients of this point are 

obtained as follows: 
TABLE.II 

NUMERICAL VALUES OF DYNAMIC COEFFICIENTS AT EIGENVALUE POINTS 

Dynamic Coefficient Value 

22a  -5.5406 

24a  -1445.2149 

25a  -316.1307 

34a  0.8110 

35a  53.6463 10  

 

A. Transfer function of steering gear 

Following the working principle of the actuator system, its 

transfer function can be expressed by a second-order 

oscillation link, as expressed below: 

                
2 2 2 1
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dj dj dj

K
G

T s T s


 
                   (2) 

Where djK  refers to the steering gear amplification factor, 

djT  refers to the steering gear time constant, and dj  refers to 

the steering gear damping coefficient. 

The steering gear of guided mortar projectile can be 

expressed by the following model: 
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                  (3) 

B. Projectile Transfer Function 1 

The projectile transfer Function 1 takes pitch rudder angle 

as the input and pitch attitude angular velocity as the output. 
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Where 
MK  refers to the transmission coefficient of the 

missile body; 
MT  refers to the time constant of the missile 

body; 
1MT  refers to the aerodynamic time constant of the 

missile body, and 
M  refers to the damping coefficient of the 

missile body. The calculation method is expressed as follows: 
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                         (5) 

C. Projectile Transfer Function 2 

The projectile transfer Function 2 takes pitch attitude 

angular velocity as the input and acceleration (overload) as 

the output, as expressed below: 
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Where, V  refers to the velocity of guided ammunition. 

In the formula, the expressions of 
2A  and 

1A  are as 

follows: 
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                         (7) 

D. Transfer function of inertial assembly 

According to the working principle of MEMS gyroscope, 

the general form of its transfer function is expressed as 

follows: 

                          
2 2 2 1
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The transfer function of the angular rate gyro used in the 

attitude control system is expressed as follows: 
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E. Accelerometer transfer function 

Based on the working principle of accelerometer, the 

general form of its transfer function is expressed as follows: 

2 2 2 1
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The transfer function of the accelerometer used in the 

attitude control system is expressed as follows: 
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V. DESIGN OF ATTITUDE CONTROL LOOP FOR PITCH CHANNEL 

The function of pitch channel attitude control loop is used 

to enhance the damping characteristics of missile body, and 

make the normal acceleration of missile body follow the input 

command acceleration control signal. Its structure is shown in 

Fig. 2. 
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Fig.2  Structure diagram of attitude control loop for pitch channel 

 

Where, yca  represents the input acceleration control signal; 

djG  represents the transfer function of the servo; 
JsG  

represents the transfer function of the MEMS gyroscope; 
1a  

and JsW   represent the gain and correction network of the 

damping loop respectively; Ak  and 
a

JW  represent the gain 

and correction network of the acceleration control loop 

respectively; and   and ya  represent the pitch angular 

velocity and normal acceleration of the projectile respectively. 

Besides, 
DCK  is used to adjust the overall attitude control 

loop gain to 1. While c refers to the distance from the 

accelerometer installation position to the center of mass. 

Accelerometer c is positive before the centroid, otherwise it is 

negative. 

Where yca  represents the input acceleration control signal; 

djG  represents the transfer function of the steering gear; 
JsG  

represents the transfer function of MEMS gyroscope; 
1a  and 

JsW   represent the gain and correction network of the damping 

loop, respectively; 
Ak  and a

JW  represent the gain and 

correction network of the acceleration control loop, 

respectively;   and ya  represent the pitch angular velocity 

and normal acceleration of the missile body respectively; 

besides, 
DCK  is used to adjust the gain of the whole attitude 

control loop to 1; while c  refers to the distance between the 

accelerometer installation position and the center of mass, 

which is positive before the center of mass and goes negative 

after the center of mass. 

For the pilot equipped with accelerometer, in the case that 

the installation position of accelerometer does not coincide 

with the center of mass, the arm effect of accelerometer 

should be considered to be caused by missile attitude motion. 

In other words, if the accelerometer is not installed at the 

center of mass, the accelerometer measurement information 

will contain the attitude angle acceleration information due to 

the influence of attitude angle motion, which should be 

removed during data processing. 

A. Design of the damping loop 

The design of damping loop is divided into static design 

and dynamic design. For the former, the gain coefficient is 

determined based on the known transfer coefficient of each 

link, therefore, the equivalent damping coefficient is 

maintained at a good level. While the latter is used to make 

sure that the damping loop is characterized by considerable 

stability margin and good dynamic quality through the design 

of correction network. The structure of the damping loop is 

shown in Fig. 3. 
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Fig.3  Structural diagram of pitch damping loop 

 

In the initial design process, when taking into consideration 

that the bandwidth of the actuator and MEMS gyroscope is far 

greater than the natural frequency of the projectile, these two 

links can be regarded as non-inertial amplification links, i.e., 

1djG  , 1JsG  . The correction network is not considered 

temporarily. The closed-loop transfer function of damping 

loop is expressed as follows: 
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Where 
cK  refers to the equivalent amplification factor; 

cT  

refers to the equivalent time constant and 
c  refers to the 

equivalent damping. Their calculation methods are expressed 

as follows (13): 
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1 1Ma K  , therefore: 
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It is pointed out that the shortest transition process of the 

damping loop is obtained when the equivalent damping is 

0.707c  . Besides, 1 -0.1502a   can be calculated by 

substituting it into Equation (15). 

Through Formula (13), we can obtain: 

-0.1722cK  , 0.0259cT  , 0.7801c  . 
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Fig.4  Frequency characteristic curve of projectile transfer function 

(uncorrected network, 1djG  , 1gzG  ) 
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Fig.5  Frequency characteristic of pitch damping loop (adjust damping, 

uncorrected network, 1djG  , 1gzG  ) 
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Fig.6  Unit step response curve of projectile transfer function and damping 

loop (uncorrected network, 1djG  , 1gzG  ) 

 

As shown in Fig. 4, it can be seen from the frequency 

characteristic curve of missile body transfer function, that the 

phase angle stability margin of damping circuit is 271 deg., 

and the stability is good. On the other hand, it can be seen 

from the frequency characteristic curve of the damping loop 

shown in Fig. 5, that the phase angle stability margin of the 

damping loop is 279.7 deg., and the phase angle stability 

margin is improved by adjusting the loop damping. 

As shown in Fig. 6, it can be seen from the unit step 

response curve of the projectile transfer function and the 

damping loop, that the projectile transfer function and the 

damping loop are characterized by the same steady-state 

response value, however, the damping loop has better 

dynamic characteristics. In addition, the peak value of 

projectile transfer function response is -7.47, and the response 

is with multiple oscillation cycles, while the peak value of 

damping loop response is -4 without any periodic oscillation. 

The existence of inertia of steering gear and inertial 

components in practical application makes it necessary to 

replace the transfer functions of the actuator and inertial 

components into the damping loop, thus analyzing their 

frequency domain characteristics. Fig. 7 shows the frequency 

characteristic curve of damping loop when the transfer 

function of steering gear and inertial components is added. 
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Fig.7  Frequency characteristic of pitch damping loop (adjust damping, 

uncorrected network) 

 

It can be seen from Fig. 7 that the amplitude margin of the 

damping loop can be regarded as infinite, and the phase angle 

stability margin is 166.1 deg., which meets the design 

requirements of attitude control loop. It is found in the design 

process of damping loop that the addition of correction 

network into the feedback channel can further enhance the 

time domain response characteristics of damping loop, so as 

to improve the stability of damping loop. 

B. PID adjustment method 

Thanks to its simple algorithm, good robustness and high 

reliability, PID control is widely used for process control and 

motion control[12-14], especially in the deterministic control 

system which can be used to establish accurate mathematical 

model. 
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Fig.8  Principle block diagram of PID control system 

 

The principle block diagram of PID control system is 

shown in Fig. 8. Besides, in the process control, the PID 

controller controlled by the proportion (P), integral (I) and 

differential (d) of deviation is the most widely used automatic 

controller, which is characterized by the advantages of simple 

principle, easy implementation, wide application range, 

independent control parameters and simple selection of 

parameters. 

The output signal of the controller is expressed as follows:  

          
 

0

t

P I D

de t
K e t K e tu t d K

dt


 
  

 
            (16) 

The corresponding transfer function model is expressed as 

follows: 

                          1 I
Js P D

K
W K K s

s

  
   

 
                        (17) 

After repeated calculation, the final correction network of 

damping loop is determined as follows: 

                             
30

2.1(1 )
125

Js

s
W

s

                             (18) 

The frequency characteristic curve is shown in Fig. 9 
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Fig.9  Frequency characteristic of corrective network in pitch damping loop 

 

By substituting the transfer function of the correction 

network into the damping loop, the frequency characteristic 

curve of the damping loop can be obtained, as shown in Fig. 

10. 
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Fig.10  Frequency characteristic of pitch damping loop (corrective network) 

 

It can be seen from Fig. 10 that the phase angle stability 

margin of damping loop with the addition of correction 

network is 152.7 deg. On the other hand, the frequency 

characteristic curve shows that the introduction of correction 

network does not make the damping loop unstable in 

frequency domain, which is in accordance with the 

requirements of the basic design principles. 
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Fig.11  Unit step response curve of pitch channel corrective damping loop 
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Fig. 11 shows the enlarged unit step response curves of 

damping loop with and without correction network. Besides, 

it can be seen that with the addition of the correction network, 

the steady-state value of unit step response curve of damping 

circuit further decreases to almost 0, and the peak value of 

response decreases to -2.5, i.e., a decrease of 37.5%; in the 

meantime, the time to reach the steady value is shortened from 

0.13s to 0.07s. 

C. Design of overload control loop 

The design of the overload control loop is similar to that of 

damping loop, which consists of two parts, i.e., the design of 

gain coefficient and that of corrective network. The structure 

of the overload control loop is shown in Fig. 12. 
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Fig.12  Structure diagram of overload control loop for pitch channel 
 

The unit step response curve of the overload control loop is 

shown in Fig. 13 in which it can be seen that, under the input 

condition of unit step response, the overload response is kept 

at the zero position at the beginning, and then it increases 

dramatically after 0.27s. In addition, at 0.3s, it can be 

considered that the overload is infinite, and the missile is out 

of control. 
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Fig.13  Unit step response curve of overload control loop of pitch channel 

without gain adjustment 
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Fig.14  Frequency characteristic curve of overload control loop of pitch 

channel without gain adjustment 

 

It can be seen from Fig. 14 which shows the frequency 

characteristic curve of overload control loop without gain 

regulation, that the phase angle stability margin and amplitude 

stability margin of overload control loop are 186.51 deg. and 

38 dB respectively. Besides, the stability margin meets the 

requirements of design principle and results in good stability. 

Considering that the value of 
Ak  has a great influence on 

the overshoot and rapidity of the control loop, a design 

method of the gain coefficient of the control loop using the 

time domain method is adopted for the optimization of the 

design of 
Ak  on the basis of the estimated value, and further 

to make sure that the overshoot of the control loop is low and 

the response speed is fast. 

The basic principle of the design method is described as 

follows: the control variable 
Ak  which meets the constraints 

and enjoys the fastest rise time is figured out with 
Ak  as the 

control variable, the unit step signal as the input, the control 

loop response as the output and its constraint conditions, and 

the response rise time as the target value. Fig. 15 shows the 

control loop response curve with constraints, where T  refers 

to the simulation time, 
st  refers to the rise time, g  refers to 

the steady-state value of the response, and 1+a, 1+b and 1+c 

refer to the constraints of the response curve respectively. 
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Fig.15  Response and restriction sketch of control loop 

 

It can be seen from Fig. 15 that before 
1t s, the response of 

control loop is characterized by only one upper constraint at 

any time, however, after 
1t s, the response of control loop is 

characterized by one upper constraint and one lower 

constraint at any time. In this way, the optimal design of Ak  is 

converted into a single objective optimization problem under 

multiple constraints, that is, the optimal 
Ak  is designed to 

minimize the rise time 
st  under the constraint conditions. The 

optimization process is shown in Fig. 16. 
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Fig.16  Flowchart of optimization design 

 

During the optimization design process, the overshoot of 

the overload control loop should be maintained as small as 

possible to ensure the steady flight of the mortar shell.  In that 

case, the upper constraint value a of the control loop response 

is set to 25%, and b is set to 10%; due to the inertia of the 

steering gear and inertial components, the unit step response 

of this control loop will jitter at the initial stage. Therefore, 
1t  

is set to 0.16 s and c is set to -0.1. 

In addition, the adjustment step size of 
Ak  is set to 0.001 to 

ensure the accuracy of the optimization results and shorten the 

optimization period. 

According to the above optimization design process, and 

using MATLAB to write the optimization program, we can 

get that when -1/56Ak  , the control loop response 

amplitude is small, the overshoot is less, and the rise time is 

short. 

With the rise time of 0.06s, the overshoot of 20%, and the 

overload response amplitude of 0.5, the instability of missile 

control can be avoided. On the other hand, in the case that the 

overload is not high, the requirements of missile body control 

can be met, however, the control efficiency will not be high. 

At this time, the unit step response curve of overload control 

circuit is shown in Fig. 17. 
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Fig.17  Unit step response curve of overload control loop of pitch channel 

with gain adjustment 
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Fig.18  Frequency characteristic curve of overload control loop of pitch 

channel with gain adjustment 

 

It can be seen from Fig. 18 which shows the frequency 

characteristic curve of overload control loop after gain 

adjustment, that after gain correction, the phase stability 

margin is 540 deg., i.e., an increase of 189.4%. Besides, the 

amplitude stability margin is 75dB, i.e., an increase of 97.4%. 

Combined with the unit step response curve, it can be 

concluded that the response characteristics of overload 

control loop are greatly improved by gain adjustment. 

In the overload control circuit, a correction network in the 

same form as that of the damping circuit correction network is 

selected. After repeated calculation, the final overload control 

loop correction network is expressed as follows: 

                      
 20.88 50 1250

50

a

J

s s
W

s

 
                        (19) 

The frequency characteristic curve is shown in Fig. 19. 
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Fig.20  Unit step response curve of overload control loop of pitch channel 

(with PID corrective network) 

 

The unit response curve of overload control loop corrected 

by the correction network is shown in Fig. 20. Besides, 

compared with the response curve without correction network, 

the overshoot of the curve is reduced to 0%, thus improving 

the stability of the missile body to overload response, 

avoiding the excessive response of the missile body, and 

mitigating the risk of projectile instability. The steady-state 

value is increased from 0.5 to 1, the efficiency is doubled, and 

the response time to reach the steady state value is shortened 

from 0.15s to 0.12s, in this way the response speed of the 

projectile to overload is improved. 
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Fig.21  Square wave response curve of overload control loop of pitch channel 

(with PID corrective network) 
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Fig.22  Difference between real square wave and response square wave (with 

PID corrective network) 

 

The unit step response curve can only reflect the response 

characteristics of overload control loop to a single overload 

command. However, in the actual flight process of the missile, 

the real overload command changes in real time, therefore, 

square wave is used as overload input to more truly reflect the 

response of overload control circuit to the changing overload 

command; besides, the square wave response curve of 

overload control loop after the addition of correction network 

is obtained, as shown in Fig. 21. It can be seen from Fig. 21 

and Fig. 22 which shows the difference curve between the 

standard square wave and the response square wave, that the 

response square wave follows the standard square wave, the 

two are basically consistent, and the difference is small. 

Besides, the changing overload command is available for 

timely response, and the designed overload control pilot is 

able to meet the actual flight needs of the projectile. 

VI. CONCLUSION 

In this paper, the optimization design of two-loop overload 

pilot is studied, and the simulation results show that the 

damping loop is available to effectively suppress the response 

of angular velocity signal, stabilize the angular velocity of 

missile body axis in space, and enhance the damping 

characteristics of angular motion around the mass center. 

Besides, the overload control is characterized by high 

response tracking performance to overload command, and 

fast realization of response without overshoot. From the 

analysis of frequency domain characteristics, it can be 

concluded that the amplitude margin and the phase margin of 

the two-loop pilot is in accordance with the design 

requirements, and still with enough stability margin reserve in 

the case of aerodynamic parameters change or external 

interference; besides, it is characterized by the adaptability 

under changing environment. The designed two-loop pilot 

can meet the requirements of guidance ammunition flight 

stability, which provides theoretical guidance and engineering 

experience for the pilot design. 
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