
1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

ATDMAE 2017 IOP Publishing

IOP Conf. Series: Materials Science and Engineering 234 (2017) 012012 doi:10.1088/1757-899X/234/1/012012

 

Study on BTT Coordinated Turn Autopilot Design for 

Reentry Gliding Vehicle 

Li Qiang, Shui Yongtao, Wang Yonghai, Wang Gang and Qin Xuguo 

No.1, Nandahongmen Road, Fengtai District, Beijing, China 

Email:liqiang2568837@126.com 

Abstract. Two-loop acceleration yaw-autopilot with a PI compensator and the engineering 

approximation of sideslip angle rate feedback for autopilot inner-loop are put forward 

accounted for BTT coordinated turn control of reentry gliding vehicle. The effect of turning 

acceleration to body-frame yaw channel is analyzed deeply, two-loop acceleration 

yaw-autopilot with a PI compensator is advanced to ensure system rapidity and stability based 

on minimum output by turning acceleration. The convergence essence of sideslip angle rate 
feedback is presented, furthermore, the engineering implementation composed by yaw angle 

rate and feedforward compensator is presented. Finally, the simulation results show that the 

autopilot design can make sideslip angle to be zero fast, improve the performance of 

coordinated turn. The design has certain robustness and application value. 

1. Introduction 

The importance of long-distance, fast and accurate attack is increased rapidly to fulfill requirement of 

modern war. So reentry gliding vehicle based on glide trajectory is widely concerned by countries[1]. 
Bank to turn (BTT) control technology must be applied because of high lift-to-drag configuration and 

maneuverable requirement of flight vehicle, and the strong three-channel coupled effect is produced 

by high rolling rate[2]. Pitch channel and roll channel are designed to respond command rapidly, and 
yaw channel must achieve coordinated turn control to eliminate sideslip angle and three-channel 

coupling, which realizes stable control of missile. So coordinated turn autopilot design of BTT missile 

is the key technology for control system. 

Many experts have pay attention to the coordinated turn technology, and produce many important 
technical achievements. The autopilot design technology based on classical control theory has three 

class typical design methods. The first one is to eliminate sideslip by sideslip feedback. The second 

one is to eliminate sideslip by lateral acceleration feedback, because lateral acceleration of body-frame 
is produced by sideslip angle. The third one is keeping yaw angular rate unchanged to realize 

coordinated turn in constant roll angle and flight rate. The lateral acceleration feedback is most 

common and effective method because of simple system configuration and easy engineering 

application[3-5]. 
Based on the design philosophy of yaw acceleration feedback, in this paper the effect of autopilot 

configuration to coordinated turn performance is analyzed deeply, increasing open-loop gain is the key 

point to accomplish coordinated turn perfect, so two-loop acceleration yaw-autopilot with a PI 
compensator is put forward. With the comparison between different feedback information of 

inner-loop, it comes the conclusion that sideslip angle rate feedback is better than yaw angle rate. To 

meet engineering requirement, the engineering approximation of sideslip angle rate feedback is also 
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presented. 

2. Yaw channel aerodynamic analysis  

During the tuning of flight vehicle, lateral turning acceleration of inertial coordinate system called 
zda  

is produced by the component of lift force in longitudinal-symmetrical plane. Speed vector is deflected 

by 
zda , and sideslip angle is produced. Based on the linear hypothesis, the dynamic equation of yaw 

channel is as follows[6]. 
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Where  ,  and   are yaw angle, rate and acceleration, 
V  and 

V  are heading angle and 

rate,   is yaw rudder deflection angle, V is flight speed,   is sideslip angle， a , a , a ,b , b  are 

the aerodynamic derivatives of yaw channel defined in reference[2]  
The overall system dynamics is given by, 
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Considering the requirement of information measure and coordinated turn research, and defining 

system output are 
zba ,   and  ,

zba  is yaw acceleration, the system dynamics is  
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Apparently 
zba  is not correlative with 

zda , but 
V  is varied because of 

zda , 
zda  can influence 

zba  also. The transfer function 
zb zda a  and 

zda  are as follows.  
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Where 
m a a b  

    is undamped natural frequency, ( ) / (2 )m b a a b a        is damping 

radio. Steady-state zba  and   are as follows. 

2( )zb zd zd mb a a b a ba aaa                             (6) 

2( / ) ( ) ( / )zd zd ma V a b a a Va a                               (7) 

If static stability is lower, m  is smaller, zba  and   during turning are bigger,   is bigger, 

which is not benefit to coordinated turn.  
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Figure1. A typical block diagram for coordinated turn autopilot design  

The command is zero for coordinated yaw autopilot design all the time, 
zba  and   produced by 

zda  are disturbance to yaw autopilot. So the mission of autopilot design can be described that 

minimizing the output of 
zba  when there is disturbance input of 

zda . The block diagram is shown in 

Fig.1, where 
ack  and 

gk  are design parameters of autopilot, 
1A ,

2A ,T , k  are the aerodynamic 

derivatives of yaw channel defined in reference [2].  

3. Coordinated turn autopilot structure research 

Switching the yaw-autopilot structure based on Fig.1, a block diagram for two-loop acceleration 

autopilot with input zda  is shown in Fig.2. 
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Figure2. The block diagram for two-loop acceleration autopilot with input zda  

The transfer function 
zb zda a  is as follows  

2
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Defining 
zb zda aK  is steady state yaw acceleration of per lateral turning acceleration, so smaller 

zb zda aK  represents better coordinated turn performance. 
zb zda aK  is given by  

(1 )
zb zda a g ac gK k k k k V k k                              (9) 

The open-loop gain of autopilot is given by  

( 1)G ac gK k k V k k                              (10) 

Substitution of expression for GK  into equation (10) yields  

( 1)(1 )
zb zda a g G gK k k K k k                          (11) 

Where k  is nature ability of flight vehicle, and adjusting gk  to reduce 
zb zda aK  is also limited by 

k  evidently. So the most direct and effective way is increasing GK , which means that increasing 

open-loop gain is most benefit to improve coordinated turn ability. 
With open-loop gain of 0.49 and 0.98 respectively, the time domain and frequency domain results 

are given in Fig.3 and Fig.4 for 1g input zda  
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      Figure 3. Time domain curves with 
GK        Figure 4. Frequency domain Bode curves 

with 
GK  

Fig.3 displays the steady-state disturbance output can be reduced by increasing 
GK . Fig.4 shows 

that system low-frequency gain degenerated obviously, which promotes the coordinated turn ability, 

but can not make disturbance output to be zero. The disturbance output is eliminated drastically 
required too large open-loop gain, which will make the system unstable. So the essential method is to 

add a proper PI compensator in forward channel, which can make low-frequency gain degenerated and 

maintain system stable[7-8]. 
With a PI compensator in forward channel, the block diagram is shown in Fig.5. 
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Figure5. The block diagram for two-loop acceleration autopilot with a PI compensator 

Where iT  is compensator time constant. With open-loop gain of 0.49 for two-loop acceleration 

autopilot with a PI compensator, the time domain and frequency domain results are given in Fig.6 and 

Fig.7 for 1g input zda . 
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Figure6. Responses with or without PI compensator  Figure7. Bode curves with different open-loop 

gains 

Fig.6 and Fig.7 display the proper PI compensator can make low-frequency gain degenerated, 
which will make yaw-acceleration caused by lateral turning acceleration to be zero quickly and 

maintain system stable. So the two-loop acceleration autopilot with a PI compensator is much better to 

accomplish coordinated turn. 

4. Inner-loop feedback characteristic 
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Generally, inner-loop of yaw-autopilot is designed to improve system damp and yaw angle rate is 

selected as feedback information. However, there is less research on the effect of inner-loop feedback 

to coordinated turn with input lateral turning acceleration. In steady-state of Eq.(7) 

/ ( )( ) zd zd Va V a b aaa V        , the disturbance input of yaw angle rate exist all the time 

during sustained turning. The sideslip angle can be zero because of 
V   approximately.Sideslip 

angle is present from Eq. (1) as follow. 
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Transfer functions / zda  and /   can be written as follows. 
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Where k ,
1B  are the aerodynamic derivatives of yaw channel defined in reference[2]. The 

conclusion that sideslip angle comes to zero with input turning acceleration in steady-state is clarified 
again. Comparing with inner-loop yaw angle rate feedback, we can draw the conclusion from Fig.8 

that taking sideslip angle rate as feedback information is more propitious to eliminate yaw 

acceleration. 
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Figure8. Compare of inner-loop yaw and sideslip angle rate  

5. Engineering approximation for sideslip angle rate inner-loop  
Inner-loop sideslip angle rate feedback is more effective to coordinated turn, but the problem is how to 

measure sideslip angle rate accurately, the common method sideslip angle differential coefficient can 

bring serious noise problem. Taking channel-coupling into consideration, in the yaw channel there is 

[9-10] 

/zb yb xb xb yb czV V V F m                               (15) 

Where 
xbV , ybV ,

zbV  are the velocity in body coordinate system，
xb , yb  are roll and yaw angle 

rate , czF  is total force of yaw channel, m  is mass of flight vehicle. 

zb xb yb xb xb yb cz xbV V V V F mV                             (16) 

There are the equations that zb xbV V   and tan yb xbV V    approximately, where 

cos sincz czbF F mg     contains aerodynamic force and gravity. Because the requirement of 

coordinated turn, the aerodynamic force 0czbF  . g  represents gravitational acceleration,  ,  are 

pitch and yaw attitude angle, and make a hypothesis on xbV V , so form Eq. (16) we have the 

inner-loop feedback as 
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tan cos sinyb xb g V                              (17) 

Sideslip angle rate   is composed of three parts which can be obtained from inertial navigation 

system all , 
yb  is yaw angle rate and can be measured directly, tanxb   is kinematic compensator 

and can be obtained by measuring roll angle rate and calculating attack angle, cos sin /g V   is 

gravitational compensator and can be obtained by measuring attitude angle and velocity. So with 
kinematic and gravitational compensator, sideslip angle rate feedback is produced for the engineering 

implementation, which makes the performance of yaw-autopilot coordinated turn to be best. 

With the consider of channel coupling, the block diagram of acceleration yaw-autopilot is described 

in Fig.9, the autopilot adopts two-loop system structure with a PI compensator, inner-loop sideslip 
angle rate feedback is produced from yaw angle rate adding kinematic and gravitational compensator. 
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Figure9. The block diagram of acceleration yaw-autopilot 

The yaw channel command is 0zbca  , the pitch channel command is 10c  , and the roll 

channel command is 45c  . The yaw acceleration and rudder deflection angle with different 

inner-loop feedback are shown in Fig.10 and Fig.11. 

0 2 4 6 8 10

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

a
z
b
(m

/s
2
)

t(s)

 yaw angle rate feedback

 yaw angle rate adding feedforward compensator

 sideslip angle rate feedback

0 2 4 6 8 10

-6

-4

-2

0

2

4

6

8

10


y
(d

e
g

)

t(s)

 yaw angle rate feedback

 yaw angle rate adding feedforward compensator

 sideslip angle rate feedback

 

         Figure10. The yaw acceleration         Figure11. The yaw rudder deflection angle 
Based on Fig.10 and Fig.11, the feedback of yaw angle rate adding kinematic and gravitational 

compensator can decrease the maximum of yaw acceleration and make yaw acceleration to zero fast, 

which is much better for coordinated turn to eliminate sideslip angle, and the effect is equal to sideslip 
angle rate feedback. Comparing with sideslip angle rate feedback, the feedback of yaw angle rate 

adding kinematic and gravitational compensator need more rudder resource, which is used to eliminate 

sideslip angle quickly, so the sufficient rudder resource is the key point to coordinated turn. 

6 .Conclusions 

Based on the detailed performance analysis on yaw acceleration output by autopilot structure, 

two-loop acceleration yaw-autopilot with a PI compensator has been presented. The convergence 

essence of yaw acceleration by inner-loop sideslip angle rate feedback has been validated, and the 
engineering approximation of sideslip angle rate feedback has been confirmed, the coordinated turn 

yaw-autopilot structure has been presented. The simulation results show that the yaw-autopilot has 

been presented in this paper can eliminate the sideslip and channel coupling effectively, improve the 
coordinated turn ability clearly. The research in this paper has certain application value for control 
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system design of reentry gliding vehicle. 
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