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Abstract 
 
The reliability of an intelligent self tuning controller called the brain emotional learning based intelligent controller (BELBIC) to atti-

tude control of a nonlinear launch vehicle (LV) simulation with hardware-in-the loop simulation (HILS) is studied. To set up the HIL 
system of the LV a six-degree of freedom simulation of the LV and a hydraulic actuator, which was used for the pitch channel thrust 
vector control (TVC) actuator of the LV, is performed. The results of the BELBIC controller with a fuzzy controller (FC) and a PID con-
troller in this HILS of the LV to control the pitch channel of the LV have been compared. 
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1. Introduction 

The aim of this research is to make a smooth tracking of the 
ideal trajectory of an LV in the HILS flight. This process may 
not occur exactly in absence of a good controller. Here, this 
aim is proven with the use of an intelligent controller, the 
BELBIC controller, which is developed in a semi real flight of 
LV, HIL system. In this HIL system a hydraulic actuator is 
replaced with the LV pitch actuator model in the simulation. 
First, in the previous study the actuator model was identified 
[1]. Both the identified model of actuator and real actuator 
were controlled with a PID controller and an FC initially [2]. 
To specify actuator characteristics and ability, to grant all of 
the requirement responses of controller, comparison shows 
that the HIL idea works but the requirements of the HIL simu-
lation hardware are demanding. For the case of having a good 
control on the LV desired attitude trajectory, use of an intelli-
gent controller which can tune itself has much more important. 
The reason for using the BELBIC controller is that the pro-
posed controllers for this system–gain scheduled PID and the 
FC controllers–have not the ability of self tuning and only 
have reasonable responses for special flight condition and 
bound of error. After use of these two controllers, the use of 
intelligent controller led us to a reasonable tracking of the 
desired trajectory with allowable range of nozzle deflection. 
Here it must be noted that the greatest advantage of the intelli-

gent controller is that the nonlinear model of LV without any 
tuning difficulty of its controller gains can be guide through 
the desired path. 

Motivated by the success in functional modeling of emo-
tions in control engineering applications [3], the goal of this 
paper is to use a structural model based on the limbic system 
of the mammalian brain, to make a decision to control an en-
gineering process. We have adopted a network model devel-
oped by Moren and Balkenius as a computational model that 
mimics the amygdala, orbitofrontal cortex, thalamus, sensory 
input cortex and, generally, those parts of the brain thought to 
be responsible for processing emotions. There are two ap-
proaches to intelligent and cognitive control: direct and indi-
rect. In the indirect approach, the intelligent system is utilized 
for tuning the parameters of the controller. Here the intelligent 
system, the computational model termed BELBIC, is used as 
the controller block. The model of the proposed BELBIC 
structure is illustrated in Fig. (4). The BELBIC technique is 
essentially an action generation mechanism based on sensory 
inputs and emotional cues. In general, these can be vector 
valued, although in the benchmarks discussed in this paper for 
the sake of illustration, one sensory input and one emotional 
signal have been considered. In this case study much research 
has been done, which is mentioned as the following studies. 

In Ref. [4] a new intelligent control approach for path track-
ing and collision control of a vehicle used in automated high-
way systems has been studied, which a modified BELBIC 
controller has been applied to a sixth order model of the vehi-
cle. In Ref. [5] an algorithm for controlling first- and second-
order linear systems using the brain emotional learning based 
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intelligent controller (BELBIC) has been proposed. The algo-
rithm proved to be able of globally asymptotically stabilizing 
the linear systems based on Lyapunov theorem. In Ref. [6] the 
particle swarm optimization algorithm is applied to design an 
optimum intelligent controller based on brain emotional learn-
ing. The BELBIC controller is tuned to improve the time do-
main parameters such as percent overshoot, steady state error, 
settling time and rise time of the step response of an automatic 
voltage regulator. In Ref. [7] intelligent control of home appli-
ances attracted much theoretical attention, as well as becom-
ing a major factor for industrial and economic success and 
rapid market penetration. In this paper, the use of two tech-
niques which have successfully been used in other intelligent 
modeling and control applications is mentioned. First, the use 
of a neurofuzzy locally linear model system for data driven 
modeling of the machine and second, the use of a neural com-
puting technique, based on a mathematical model of amygdala 
and the limbic system, for emotional control of the washing 
machine are studied. In Ref. [8] a modern intelligent control 
based on computational model of mammalian limbic system 
and emotional processes (BELBIC) for speed control of inte-
rior magnet synchronous motor (IPMSM) is presented. In this 
work, a novel and simple model of IPMSM motor drive con-
trol plant is achieved by using the intelligent control system, 
which controls motor speed accurately quite independent of 
motor parameters. Achieved results of the proposed plant 
show better operating control than the previous plant. In Ref. 
[9] a modern intelligent control based on a computational 
model of the mammalian limbic system and emotional process 
is developed for speed and flux control of induction motor 
simultaneously. In this work, a novel and simple model of 
induction motor driven control plant is achieved by using the 
intelligent control system, which controls motor speed and 
flux accurately, without needing to use any conventional con-
trollers and also, quite independent of motor parameters. In 
Ref. [10] a theoretical analysis of on-line autonomous intelli-
gent adaptive tracking controller based on emotional learning 
model in the mammalians brain (BELBIC) for aerospace 
launch vehicle is presented. The algorithm is very robust and 
fast in adaptation to dynamical change in the plant, due to its 
on-line learning ability. In Ref. [11] an intelligent controller is 
applied to govern the dynamics of an electrically heated mi-
cro-heat exchanger plant. First, the dynamics of the micro-heat 
exchanger, which acts as a nonlinear plant, is identified using 
a neurofuzzy network. The brain emotional learning based 
intelligent controller (BELBIC) based on PID control is 
adopted for the micro-heat exchanger plant. The contribution 
of BELBIC in improving the control system performance was 
shown by comparison with results obtained from a classic PID 
controller without BELBIC. In Ref. [12] BELBIC, which is 
based on the mammalian middle brain, is designed and im-
plemented on FPGA and the obtained embedded emotional 
controller (E-BELBIC) is utilized for controlling a real labora-
torial overhead traveling crane in model-free and embedded 
manner. Short time-to-market, easy testing and error handling, 

separating concerns, improving reusability and extendibility of 
the obtained models in similar applications are some benefits 
of the model driven development methodology. In Ref. [13] 
the design and evaluation of a novel approach to reactor core 
power control based on emotional learning is described. The 
controller includes a neurofuzzy system with power error and 
its derivative as inputs. A fuzzy critic evaluates the present 
situation, and provides the emotional signal. The controller 
modifies its characteristics so that the critic’s stress is reduced. 
Simulation results show that the controller has good conver-
gence and performance robustness characteristics over a wide 
range of operational parameters. 

Now, as regard to the last studies, the following section of 
this paper is as follows to describe verification of intelligent 
control of a launch vehicle with HILS. First, the equation of 
motion of the LV is defined. Second, the BELBIC controller 
and its application in simulation are compared with the PID 
and Fuzzy controller. Third, the HIL system and its compo-
nent are introduced. Then, PID, fuzzy and BELBIC controller 
performance are implemented and compared in the HILS 
setup. Finally, the performance of the FC and BELBIC con-
troller setup in HILS is verified in the presence of severe at-
mospheric disturbance. 
 
2. Equation of motion of the launch vehicle 
2.1 Force and moment  

To expedite this study the six-degree of freedom nonlinear 
equation of motion of the LV must be solved. Appendix 1 
shows the initial conditions used to set up the LV configura-
tion. All equations consist of three force equations and three 
moment equations: 
 

a p gF F F F= + +  (1) 

a pM M M= + .  (2) 

 
2.2 Velocity & angular velocity  

Space launch vehicle moving equations of motion are usu-
ally simulated with a linear model of the non-linear equation 
of motion. The force and moment inserted to the LV is com-
posed of Eqs. (1) and (2) which were used in the equation of 
motion of the LV. This model describes a reasonably realistic 
LV thrust vector control (TVC) airframe. The aerodynamic 
forces from missile datcom (MD) and environmental parame-
ter from the International Standard Atmosphere (ISA) has 
been generated. The gravitational acceleration is also deter-
mined from a spherical model of the earth. The base point for 
the mathematical description of the LV is the following 6-DoF 
non-linear equations, which finally results in the entire relative 
(u, v, w) and angular (p, q, r) velocities of LV that completely 
describe the behavior of a rigid body in space, as shown in Fig. 
1 [14-16]: 

 
y Z x xP=QR[(I -I )/I  ]+(L/I )  (3) 
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z x y yQ=PR[(I -I )/I  ]+(M/I  )  (4) 

x y z zR PQ[(I -I )/I  ]+(N/I  )=  (5) 

xu F /m+(vR-wQ)=   (6) 

yv=F /m+(wP-uR)  (7) 

zw F /m+(uQ-vP)=  (8) 
 
These coupled equations can be solved using numerical in-

tegration techniques which results in the angular and relative 
velocity of the LV in the body frame. 

After transferring the angular and relative accelerations 
which are derived from the force and moment equations in the 
body axis system to the inertial axis system, the velocities 

, ,u v w  and displacement , ,x y z  and Euler angles , ,ϕ ϑ ψ  of 
the LV have been derived. These parameters have been used 
in the calculation of the instantaneous position of the flying 
vehicle in relation to its reference frame of flight. Till this step 
the 6 DoF equations of motion of the LV have been derived. 

These parameters form an open loop flight model system. 
This simulation model is developed in Simulink environ-

ment which consists of five blocks as sketched in Fig. 2. 
These blocks perform the simulation of the LV with above-
mentioned equations. In the first block the force and moment 
exerted on the body are determined. In the second block with 
solution of Eq. (3) to Eq. (8), the body acceleration in the iner-
tial axes has been calculated. In the third block with the help 
of determined instantaneous relative and angular velocity of 
the LV the transfer matrixes which can determine the position 
of the LV are determined. In fourth block the local character-
istics of atmosphere are determined. And finally in the last 
block the instantaneous position of the LV is controlled till it 
has a desirable tracking of the ideal trajectory. All of these 
processes have been done to simulate the motion of the LV in 
semi real simulation of flight. 

Because of the inherited instability of the LV (Xcg lower 
than Xcp), it does not have ability to follow the desired trajec-
tory. Here to bring into account the need of controlling the LV, 
a control system must be developed which has been expanded 
in the control and guidance block of the simulation. 
 

3. Brain emotional learning based intelligent control-
ler 

BELBIC as a successful method in functional modeling of 
emotions in control engineering applications motivated us to 
use it in this research as a structural model based on the limbic 
system of the mammalian brain for decision making and con-
trol in a semi-real flight of the LV. In this structure a network 
model has been adopted as a computational model that mimics 
the amygdala, orbitofrontal cortex, thalamus, sensory input 
cortex and, generally, those parts of the brain thought respon-
sible for processing emotions. There are two approaches for 
intelligent and cognitive control: direct and indirect. In the 
indirect approach, the intelligent system is used for tuning the 
parameters of the controller, while in the direct approach the 
intelligent system itself functions as the controller. This ap-
proach was proposed by Lucas as the utilizations of the direct 
BELBIC. Here the BELBIC controller has been used for tun-
ing an existing classic controller, i.e., a PID controller. So, the 
basic performance of the system is determined by the choice 
of the controller block in an ideal situation, and BELBIC is 
responsible for tuning the parameters of the controller and, 
generally, to improve its performance. Excellent performance 
at the expense of more reasonable levels of control effort has 
thus been achieved, which is illustrated in Fig. 4. BELBIC is 
essentially an action generation mechanism based on sensory 
inputs and emotional cues. Obviously, these can be vector 
valued; one sensory input and one emotional signal have been 
considered. The emotional learning occurs mainly in the 
amygdala. The learning rule of amygdala is given in Eq. (9) 
[17, 18]: 
 

a 1B =k .max(0,EC-A)∆   (9) 

 
Fig. 1. Launch vehicle system of axis. 
 

 
Fig. 2. 6DoF simulation of LV in Simulink. 
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a a aB =B + B∆   (10) 
 
where Ba is the gain in amygdala connection, k1 is the learning 
rate in the amygdala and EC and A are the values of emotional 
cue function and amygdala output at each time. The term max 
in the Eq. (9) is to make the learning changes monotonic, im-
plying that the amygdala gain can never be decreased as it is 
modeled to occur in a biological process in the amygdala. This 
rule is for modeling the incapability of unlearning the emo-
tional signal (and consequently, emotional action), which was 
previously learned in the amygdala. Similarly, the learning 
rule in the orbitofrontal cortex is as follows: 

 
0 2B =k .(MO-EC)∆   (11) 

0 0 0B =B + B∆ .  (12) 
 

This model has been completely based on the original bio-
logical process. In the above equation, Bo is the gain in orbi-
tofrontal connection, k2 is the learning rate in orbitofrontal 
cortex and MO is the output of the entire model, where it can 
be calculated as the following equation: 

 
MO=A-O   (13) 

 
where O represents the output of the orbitofrontal cortex. In 
fact, by receiving the sensory input (SI), the model calculates 
the internal signals of amygdala and orbitofrontal cortex by 
the relations in (9) and (10) and eventually yields the output: 

 
aA=B .SI   (14) 

0O=B .SI .  (15) 
 

As the amygdala does not have the capability to unlearn any 
emotional decision that it has ever learned, inhibition of any 
inappropriate decision is the duty of the orbitofrontal cortex. 
Here must noted that k1 and k2 may have varying characteris-
tics during the control process. As a logical improvement 
these values can decrease gradually when the system perform-
ance approaches to its steady state situation. For instance, k1 
and k2 may reduced by the factor of time sample squared. 
Controllers based on emotional learning have shown very 
good robustness and uncertainty handling properties, while 
being simple and easily implementable. To utilize the pro-
posed version of the Moren–Balkenius model as a controller, 
it should be mentioned that it essentially converts two sets of 
inputs (sensory input and emotional cue) into the decision 
signal as its output. A closed loop configuration using this 
block, BELBIC controller, in the feed forward loop of the total 
system in an appropriate manner has been implemented. The 
block implicitly implemented the critic, the learning algorithm 
and the action selection mechanism used in functional imple-
mentations of emotionally based controllers instantaneously. 
The structure of the control circuit which has been imple-
mented in this study is illustrated in Fig. (4). The implemented 

functions in emotional cue and sensory input blocks are given 
in Eqs. (14) and (15): 

 
1 2EC=|MO|.(-W .e.e+W .|e|)   (16) 

3 4 5SI=W .e+W .e +W . edt∫  
 (17) 

 
where EC, CO, SI and e are emotional cue, controller output, 
sensory input and output error and the W1 through W5 are the 
gains that must be tuned for designing a satisfactory controller. 
In the choice of these two signals (EC, SI) some principles are 
taken into consideration: 

(1)  Sensory input is a kind of control signal which in 
BELBIC is reinforced or punished based on emotional cues, 
so it should be chosen as a function of error just like a PID 
controller. This choice has some advantages such as the exis-
tence of a systematic way to tune the gains. In this way one 
can set the learning rates (k1, k2) equal to zero at first, and then 
tune the gains of sensory input as a simple PID controller and 
then proceed to tune the gains of the other parts of BELBIC in 
the direction of improving the performance of the primary 
sensory input signal. This method can solve the main problem 
of BELBIC which was the gains tuning. In addition, the con-
troller now has more reliability because of being based on a 
classic controller (PID). Also the PID controller has some 
other advantages such as robustness to some extent, which is 
very desirable especially in this work with possible uncertain-
ties in estimated model including less than enough number of 
neurons. Besides using this signal selection we do not need to 
be concerned about effect of noise on identification. So, an 
identification using fewer numbers of neurons can easily filter 
the noise while it could be used in tuning of the controller and 
it will certainly accelerate the online control process. It should 
be noted that PID gains have been tuned with Ziegler-
Nicholas hand tuning method. They might not be the best, but 
BELBIC is expected to improve the corresponding PID con-
troller’s performance. 

(2)  When the emotional cue is a positive number, the gain 
of amygdala connection will be increased, and when the emo-
tional cue is a negative number, the gain of orbitofrontal con-
nection will be increased; a bigger emotional cue causes big-
ger reinforcement or punishment, so the emotional cue should 
increase when the absolute value of error decreases. To avoid 
the offset error, the emotional cue should include error in addi-
tion to its derivative but with a much smaller coefficient. Fi-
nally, the emotional cue is compared with the model output 
control signal (MO); therefore, it should have the same dimen-
sion with MO. Therefore, one can define the emotional cue 
like Eq. (14). 
 

4. Controller setup and simulation results 

After derivation and development of the BELBIC controller, 
this controller has been used in the LV simulation to verify the 
usefulness of this controller to control the proposed complex  



 M. R. Darestani et al. / Journal of Mechanical Science and Technology 25 (2) (2011) 523~536 527 
 

  

 

  
                                             (a) BELBIC pitch angle                                                              (b) BELBIC pitch angle error 
 

  
                               (c) BELBIC pitch nozzle deflection                                                                  (d) BELBIC pitch rate  

  
                                                 (e) FC pitch angle                                                                          (f) FC pitch angle error 
 

  
                                       (g) FC pitch nozzle deflection                                                                     (h) FC pitch rate 
 
Fig. 3. LV simulation results comparison with the identified actuator model in presence of BELBIC and FC. 
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nonlinear system.  
The result of the BEL controller in the simulation shows its 

ability to track the desired pitch program during LV’s flight. 
These results are compared to FC which is implemented for 
the LV simulation previously in the pitch channel. 

Here the first Figs. 3(a), (e) show the desired and ideal pitch 
angle, which granted the entire requirement of LV's guidance 
system. The LV is forced to track this ideal pitch program. 
This desired attitude comes from the obligation of the deter-
mined mission .Essential obligation in this simulation is to 
reach the LV to an orbit of earth. In this study no side maneu-
ver was considered, which results in the ideal value of the roll 
and yaw angles without any change and only the pitch channel 
is considered to study. For the pitch channel of the LV an 
ideal pitch program is assumed. With the help of the pitch 
program, the LV can reach the desired orbit. To have a good 
tracking of the ideal pitch program a controller with the mini-
mum error must be assumed which can track the desired atti-
tude. In this study the PID based BELBIC controller, because 
of its unique properties in control of nonlinear plants, is pro-
posed. Another reason for this selection was that this kind of 
BELBIC controller because of its PID based structure shows 
more reliability in the entire flight of LV. Also, the PID con-
troller has some other advantages such as robustness to some 
extent, which is very desirable especially in this mission with 
possible uncertainties in estimated model. Then the result of 
the BELBIC controller which is used for pitch channel of the 
LV is compared with the FC that is designed and implemented 
for the same mission. The results of comparison between these 
two controllers for the pitch angle error in Fig. 3(b), (f) and for 
LV TVC nozzles are shown in Fig. 3(c), (g). The results show 
a better performance of the BELBIC controller in relation to 
the FC in the simulation. To add more to the comparison the 
root mean square error of these controllers in the simulation is 

presented, which shows a better performance of the BELBIC 
controller. Also note that the most advantage of using BEL 
controller in addition to the proposed FC is its auto-tuning 
characteristic during the flight period, which is very important 
in the control section of the LV in the flight. This specification 
is very important because the best situation of the FC is tuned 
by determination of the bound of membership functions, but 
the BEL controller could tune itself in the whole flight with 
one time determination of its gains even if severe disturbances 
exist. 

In the following figure the block diagram of the proposed 
BELBIC controller which is developed for this simulation is 
presented. To tune this controller as mentioned in section (3), 
first the learning rates (k1, k2) in orbitofrontal and amygdala 
must become equal to zero; this action changes the controller 
structure like Eq. (16) which is a PID controller. Then tune the 
gains of sensory input (W3, W4, W5) as a simple PID controller. 
Second the gains of other parts of BELBIC in the direction of 
improving the performance of primary sensory input signal 
must be tuned. So first the (W1,W2) gains of emotional cue 
must be set; second, k1 amygdala gain might be tuned, which 
for the first 90sec is equal to 20 and after that is reduced to 
zero with time. Third, the gain k2 of the orbitofrontal must be 
tuned which here has the duty of punishment in the control 
process. Here, this gain is set to 1 in the first 90 seconds of 
flight and after that is reduced to 0 by the sample time square. 
This method can solve the main problem of BELBIC, which 
was tuning the gains. 

Because of good tracking and having a minimum error and 
the ability to control the LV intelligently, the BELBIC con-
troller has been considered for use in the real flight of the LV. 

Before use of the proposed controller in a real LV it is pre-
ferred to examine the HIL system. This real-time examination 
led the control designer to test the controllers in a semi-real 
flight simulation. This test has the unique capability that the 
controller designer with minimum cost and danger can find 
the reliability of the controller in a semi-real flight of the LV. 
 

5. HIL system 

Ideally, development of the HIL simulation is to make the 
same response as the real system. It means that the simulation 
model must be able to simulate the dynamic behavior as well 
as all input/outputs of the real system. In practice, an exact 
model is impossibly hard to achieve. In this section an HIL 
system for pitch channel of the LV is developed which can 
perform like a real LV in the pitch channel. Hardware-in-the 
loop (HIL) simulation has been proven a cost-effective 
method in design, development, modification and testing of 
various industrial systems. HILS has been developed primar-
ily for military and space applications. The main benefit of the 
HILS technology is that it is repeatable, non-destructive and 
non-hazardous prototype testing, verification and validation. 
Engineering history shows that the main event that enabled the 
transfer of the HIL technology into the aerospace industrial 

Table 1. Root mean square comparison of the controllers. 
 

Root mean square error  Pitch channel 

BELBIC controller 2.6572e-4 

Fuzzy controller 7.27e-3 

PID controller 0.00164 

 

 
Fig. 4. Closed loop control of LV with BELBIC controller. 
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area was the development of cost-effective preflight systems 
and computationally powerful processors. 

 
5.1 Identified model of actuator 

To set up the HILS a hydraulic actuator with a set pressure 
of approximately 70 bars and a servo-electric flapper-nozzle 
valve has been used. In Fig. 6 all mechanical and hydraulic 
parts of the HIL system in the modern control laboratory are 
shown. Also in Fig. 7 the closed form of the HILS is 
sketched. In the first step the actuator system must assure 
that it could exactly obey the controlling signals in simula-
tion or in HILS. 

To find the actuator model and taking this model to the 
simulation, it was necessary to identify the actuator model. 
This action has been done by the use of an adaptive technique, 
extended least square (ELS) method in an offline style. This 
method takes the following linear transfer function for the 
actuator from the off-line input/output of the actuator [19]: 

 

simulation
nozzle deflectionTF =
controller signal

  (18) 

actuator
s+2TF =

s(s+6) .  (19) 

 
In relation to the above derived transfer function (TF) it is 

obvious that this model, because of existence a pole on the 
imaginary axis, has an unstable property. This actuator isn't 
qualified for use in the simulation or in the HIL system. To 
use this unstable model of actuator it is required to change it to 
a closed loop form. This action changes the actuator model 
and changes it to a stable condition. 

Now, separately from the main simulation an internal 
closed loop for the actuator model to make it tune is generated. 

This tuning process makes a stable condition of the actuator 
system. Fig. 7 shows this closed loop for actuator. So this 
process resulted in a stable actuator in the hardware in the loop. 
Fig. 8 shows the result of this closed loop stable hardware 
with input signals of sinusoid and pulse. 

Here note that this off-line identification hasn’t the whole 
detailed characteristics of the real system which might change 
with time. This action results in a near reality simulation of the 
pitch channel of LV. Now to have real time varying actuator 
system characteristics, a real actuator has been connected to 
the simulation. This connection leads to an experimental real 
system of LV with a real model of actuator in the pitch chan-
nel [2]. 
 

6. Launch vehicle HIL system  

6.1 Actuator system 

To set up a simple form of actuator connection to the 
MATLAB/SIMULINK to make a stable condition of the hy-
draulic actuator system, first the closed loop system which has 
been shown in Fig. 7 has been formed. The working voltage 

 
Fig. 5. Schematic loop of simulation –servo hydraulic rotating actuator.

 
(a) Actuator system: pump-vanes  

 

 
(b) Shaft connecting to the hydraulic motor as the nozzle deflector 

 
Fig. 6. Servo hydraulic actuator system. 



530 M. R. Darestani et al. / Journal of Mechanical Science and Technology 25 (2) (2011) 523~536 
 

 

of the servo valve is between 0 to 5 volts. With a hand, tuning 
of the nonrotating position of the actuator (preset actuator 
zero) must be determined. This value takes in the determined 
part of actuator loop section in the simulation (actuator zero) 
to set the zero (working point) of the actuator. This value is 
always in the middle of the working voltage of the servo valve, 
approximately 2.5 volt. The entire controller deviation signal 
is acting around this point to go out to the servo valve, which 
point is determined as below: 

The response of this actuator system to the sinusoid and 
pulse signals after developing it as a closed loop, the stable 
actuator system is shown in Fig. 8 which shows the ability of 
the actuator to have a good reaction and good tracking of the 
input signals. Through these results it is obvious that the ac-
tuator has the ability to be used in the HIL system and can 
obey exactly all the controlling commands of the LV TVC 
section [2, 20, 21]. 

6.2 HIL system 

To test the characteristics of the BELBIC controller in a real 
time space system a reasonable and cost-effective method is to 
develop an HIL system for the system. In this system the re-
sponse of a specific hydraulic actuator and its related system is 
checked in section 5.1. It is determined that this system has the 
capability for use in a real LV flight simulation [1]. To de-
velop the HIL system a six-degree-of-freedom simulation in 
SIMULINK environment was generated, which with an Ana-
logue/Digital data acquisition card the data transfer between 
hardware and simulation has been done as shown in Fig. 9 
[20-22]. 

The next step is data acquisition between the available hy-
draulic actuator system and simulation. With the use of avail-
able blocks in the SIMULINK/real-time windows target, data 
transfer has been simpler. Here a Simulink A/D card block 
(Advantech 1710 HGL) is doing the role of data acquisition 
between software, LV simulation and hardware, servo hydrau-
lic actuator shaft output value which is measured by an en-
coder. 

The last step is taking deflection angle data from the rotat-
ing shaft of the actuator. These data have been measured to 
determine the shaft rotation as the TVC deflection of the LV. 
The rotation angle was used to make the desired control on it 
to have a smooth tracking of the desired pitch of the LV. It 
makes the proportionate deviation of actuator. After connect-
ing the rotating shaft, the actuator was considered as a moving 
TVC nozzles actuator in the simulation, which its maximum 
deflection is limited to 4 degrees. This procedure–data transfer 
between simulation and actuator shaft to measure the rotation 
of actuator–is done by means of an incremental encoder. This 
encoder is connected to the shaft of actuator. Encoder sends 
the binary data to the A/D card. These data contain the values 
from 1 (20) to 32768 (215) and a sign channel; channel no. 16; 
contain the value of 65536 (216). In Fig. 5 the schematic con-
nection of the encoder to the shaft of hydraulic motor has been 
shown. To use the received binary data of the A/D card the 
summation of all ports value has been changed to the decimal 
value. Here total amount of shaft rotation is determined. After 
some experimental measurement the transfer ratio that put 
down this resultant revolution to the angle deflection is de-
rived. This angle deflection is used as easily as possible to the 
real time simulation. 

 

Fig. 7. Internal actuator loop. 

 

 
(a) Pulse input/response of the actuator 

 

 
(b) Sinuous input/response of the actuator 

 
Fig. 8. Input/response of the actuator. 

 
Fig. 9. HILS, connection of simulation to servo hydraulic actuator. 
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Nozzle deflection value (radian) = 
2

24768
Π *encoder value 

(revolution)  (20) 
 

6.3 HILS setup based on a PID controller 

First, to set up the simulation and HILS process a PID con-

troller because of its tuning simplicity has been employed, 
which has the following results in HILS [1]. The tuning proc-
ess of this PID controller with Ziegler-Nichols frequency re-
sponse method (Ziegler & Nichols in Åström & Hägglund, 
1995) comes as the following steps: 

(a) Increase the proportional gain until the system oscillates; 
that gain is the ultimate gain Ku. 

(b) Read the time between peaks Tu at this setting. 
(c) Table 2 gives approximate values for the controller gains. 
 
After setting up the PID controller, the results which come 

in Fig. 10, show that the roll-pitch-yaw angle tracking of the 
LV in HILS in presence of PID controller has made a good 
enough tracking for all channels. It must be mentioned that 

Table 2. Tunning of PID controller. 
 

Controller Kp Ti Td 

P 0.5Ku   

PI 0.45Ku Tu/1.2  

PID 0.6Ku Tu/2 Tu/8 

 

  
                                                      (a) Roll angle                                                                                  (b) Pitch angle 

  
                                                     (c) Yaw angle                                                                        (d) Roll nozzle deflection 

  
                                           (e) Pitch nozzle deflection                                                                 (f) Yaw nozzle deflection 
 
Fig. 10. HILS results in presence of PID controller. 
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these results were in presence of a coupling effect between 
these channels of the LV. Also because of coupling in chan-
nels the tracking performance in relation to the dynamics of 
actuator approximately remains unchanged. But the results of 
using the PID controller show unpredicted behavior in HILS, 
especially in pitch nozzle deflection because of accumulated 
error of the system between actuator and simulation; this clas-
sic controller couldn't have a satisfactory behavior till the end 
of the process. This problem and other difficulties of the clas-
sic controller made us enthused to employ the modern control 
strategies to overcome these difficulties. Here the following 
results come to have a comparison in employing PID control-
ler with the modern controllers that has been implemented in 
the next part. 

 
6.4 The designed BELBIC controller in the HILS 

In this section, the BELBIC controller verification with 
HILS, the process of developing the BELBIC controller in the 
HIL system to determine the ability of this controller in the 
online real time control of the LV, is studied. After setting up 
the HILS system mentioned in section (5.2) the BEL control-
ler was developed and tuned to use in the HIL system to test 
its reliability in the real flight of LV in relation to the initially 
used PID and fuzzy controller. The proposed controller is 
determined in Fig. 4. This controller as mentioned in section 
(3) is based on the PID controller. In this way to tune this part 
of controller gains by setting the learning rates (k1, k2) equal 
to zero, the gain of sensory input as a simple PID controller 

    
                                        (a) BELBIC pitch angle                                                                   (b) BELBIC pitch angle error 

    
                                (c) BELBIC pitch nozzle deflection                                                                    (d) FC pitch angle 

    
                                  (e) FC pitch nozzle deflection                                                                          (f) FC pitch angle error 
 
Fig. 11. BEL controller in comparison with FC in HILS. 
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was tuned and we then proceeded to tune the gains of the 
other parts of BELBIC in the direction of improving the per-
formance of the primary sensory input signal. This method 
can solve the main problem of BELBIC, which was the tuning 
of the gains. For this system the gains k1 and k2 were consid-
ered equal to 10 and 0.5. For this system the bound of nozzle 
deflection was considered equal to deg5.1± whom the con-
troller output must not exceeded this value. After tuning the SI 
part the performance of BEL controller must improve to the 
HILS. This leads to determine the gains of EC (W1, W2) and 
amygdala and then orbitofrontal. This process is done and k1, 
k2 must decrease to zero after some time so that the gains have 
been tuned. The result of testing this controller showed that 
the BELBIC controller has a good tracking of the desired 
pitch program of the LV with minimum error in relation to the 
FC, which had a better performance from PID controller in the 
HIL system. The results are shown in Fig. 8. The proposed FC 
generation is mentioned in the appendix 3 [23, 24]. 

The results showed that the nozzle deflection in the 
BELBIC controller sometimes reaches a higher value of de-
flection than FC. But with higher nozzle deflection and less 
tracking error, the BEL controller can control the LV from the 
beginning to the end of flight and does not diverge. 

The comparison between BELBIC and FC in Fig. 11 shows 
the high capability of the BEL controller to have a smooth 
tracking of the ideal LV attitude in HILS in addition to the 
simulation. Finally, the root mean square (RMS) errors of 
these two kinds of controller are compared with each other. 
This comparison shows that the BELBIC has a twentieth 
RMS error less than in relation to the FC in the HIL system 
and very good tracking of the pitch attitude of the LV. 

 
6.5 The effect of disturbance in the HIL system robustness 

In this study after setting up HILS with a PID control and 
comparing this with an FC and BELBIC controller, to demon-
strate the robustness of the proposed BEL controller in HIL 
system, a disturbance model has been considered of the at-
mosphere which is generated from the Von Karman gust 
model of atmosphere to test the BEL controller in the HILS. 
The test is developed for the worst condition of Von Karman 
model of gust, which is a thunderstorm so that the specific 
characteristics of this gust model are as follows [14]: 
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To generate such gust model, after derivation of disturbance 

transfer functions (Gi(s)) the following setup must be gener-
ated: 

With development of this kind of gust model and inserting 
the white noise to the gust transfer function, the gust model is 
generated; Fig. 12 shows the characteristics of this gust model 
in the three axes of motion which it has been inserted to the 
simulation for the 10 to 120 second of flight. 

After developing this wind model, the specified wind ve-
locities in relation to the earth coordinate have been trans-
ferred to the same body coordinate velocity in the flight simu-

Table 3. Root mean square comparison of the controllers. 
 

Root mean square error  Pitch channel 

BELBIC controller 2.46e-4 

Fuzzy controller 4.994e-3 

PID controller 0.010100 

(a) X direction of gust velocity 

(b) Y direction of gust velocity 

(c) Z direction of gust velocity 
 
Fig.12. Von Karman thunderstorm model of atmosphere in the inertial 
axis. 
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lation in the HILS. Finally, the exerted wind velocity deter-
mines the effect of wind disturbance on the LV in the HILS; 
these results are in Fig. 13.  

Here this procedure determines the robustness of the 
BELBIC controller in HILS. The results of this system of the 
HILS in presence of the gust are shown in Fig. 13 and without 
inserting the wind in Fig. 11(a), (c). These results indicate that 
in the presence of severe wind turbulence the maximum de-
flection of the pitch nozzle actuator is not exceeded more than 
1.5 degrees and a smooth tracking of the pitch channel with 
complete control of the LV to the end of mission has been 
determined. 
 

7. Conclusion 

This paper deals with an experimental HILS to verify the 
reliability of the designed BELBIC controller, which was used 
to control the TVC nozzle actuator of the LV. This actuator, 
with much inherent uncertainty, drift, noise and disturbance, 
could be used in this complicated experimental HILS setup of 
the LV TVC of the pitch channel. In this experience first in 
the simulation, the specification and reliability of the BELBIC 
controller was determined, which indicated more reliability 
and good tracking of the BEL controller in relation to the PID 
control and FC. Then after assurance of reliability of this con-
troller in the simulation, the proposed BELBIC controller was 
designed and verified with HIL system in comparison with the 
PID controller and FC. After some experiences the robustness 
of this controller against severe atmosphere wind model in 

HILS was determined. This experience with the semi-real 
flight of LV determines obvious reliance of the use of the BEL 
controller in the real time LV flight period. The greatest ad-
vantage of the BEL controller in relation to the proposed PID 
and fuzzy controller is its auto-tuning and robust characteris-
tics in presence of severe disturbances, which for aerospace 
vehicles has a vital importance. Use of this auto tuning, self 
learning, robust intelligent controller in the launch vehicles, 
which must have a reliable performance in attitude tracking 
during their nominal trajectories to orbit, is one of the most 
important cases for research. These properties lead the LV 
designer to control the LV exactly through to the ideal trajec-
tory. This minimum deviation leads to minimum fuel con-
sumption, which is a critical problem in weight balance of the 
LVs to carry much more payload to the orbit. 
 

Nomenclature------------------------------------------------------------------------ 

aF  :  Aerodynamic force (N) 
pF  :  Propulsion force (N) 
gF  :  Gravity force (N) 

aM  :  Aerodynamic moment (N.m) 
pM  :  Propulsion moment (N.m) 

, ,φ θ ψ  :  Roll ,pitch ,yaw angles of LV (deg) 
0 1 2 3, , ,q q q q  :  Quaternion parameter 
, , ; , ,p q r p q r  :  Angular acceleration and velocity of LV  

  in body frame (rad/s) 
, ,x y zI I I  :  Inertial momentum of LV (kg.m) 

, ,u v w ; , ,u v w  :  Relative acceleration and velocity of LV  
  (m/s2), (m/s) 

zyx ,,  :  Position of LV in inertial frame (m) 
Ga :  The amygdala connection gain 
EC :  Emotional Cue 
A :  Amygdala output 
k1 :  Amygdale learning rate 
Go  :  Gain in orbitofrontal connection 
k2 :  Learning rate in orbitofrontal cortex 
MO :  Model Output 
O :  Orbitofrontal cortex Output 
SI :  Sensory Input 
Z :  Zero 
NB :  Negative Big 
NM :  Negative Medium 
PB :  Positive Big 
PM :  Positive Medium 
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Appendix 1 

Initial characteristics of the Launch Vehicle 

0xI  (kg.m2)  196,000 

0yI  (kg.m2)  50,000 

0zI  (kg.m2)  15,000 
totalM  (kg)  130,000 

Thrust (ton)  180 
Length (m)  32 
Diameter (m)  4.5 

 

Appendix 2 

Fuzzy controller implemented in HILS 
(i) Fuzzy control of LV [4] 
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(ii) Fuzzy controller detail block 

 
 
 
(iii) Fuzzy rule bases in output 

 
 E 

CE 
 

Neg 
 

Zero 
 

Pos 
Neg NB*MF NM*MF Z*MF 

Zero NM*MF Z*MF PM*MF 

Pos Z*MF PM*MF PB*MF 

 

Appendix 3 

Wind disturbance parameter 
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