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Abstract: Active disturbance rejection controller (ADRC) uses tracking-differentiator (TD) to solve the contra-

diction between the overshoot and the rapid nature. Fractional order proportion integral derivative (PID) con-

troller improves the control quality and expands the stable region of the system parameters. ADRC fractional or-

der (ADRFO) PID controller is designed by combining ADRC with the fractional order PID and applied to reentry

attitude control of hypersonic vehicle. Simulation results show that ADRFO PID controller has better control ef-

fect and greater stable region for the strong nonlinear model of hypersonic flight vehicle under the influence of ex-

ternal disturbance, and has stronger robustness against the perturbation in system parameters.
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INTRODUCTION

Han Jingqing has proposed active disturbance
rejection controller ( ADRC)™ and developed
ADRC proportion integral derivative (PID) using
tracking-differentiator. ADRC PID has the good
control effect by organizing the transition process
and solves the conflict between the overshoot and
the rapid nature of traditional PID controllert*.
In the case of input signal with a strong distur-
bance, the ADRC controller has good robustness
and filtering property. The stability domain of
parameters of the controlled system represents
the robustness of the controller. At present, the

15)is only focused on

study of the stability domain
the stability of the controller and rather than the
stablility of the system parameters. The stability
domain is consistent with the traditional PID as
the core of ADRC is an improved PID controller.

Fractional order PID'® extends the integer
order of the traditional PID to fractional order and

obtains a stronger robustness and better control

effect than the traditional PID without losing the
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simple structure characteristics of the traditional
PID. Fractional order PID has been applied to the

aecrospace field and others™™.

Fractional order
PID has rapid response, but the overshoot is
large. However ADRC has a good solution to
solve the conflict between the rapid nature and
overshoot. ADRC is formed by the extended state
observer (ESO) and the nonlinear controller.
ESO only obtains feedback from output signal in
real-time, so the nonlinear controller output is
the actual controller output. When using the tra-
ditional PID controller, ADRC inherits the stabil-
ity region of the traditional PID. Fractional order
PID extends the stability domain of the controlled
system parameters and is more robust to the time-
varying parameters of the controlled system.
ADRC and fractional order PID are combined and
compensated each other in this paper.

In this paper, the pitch channel model of the
hypersonic vehicle is taken as the research object,
and D-decomposition is used to analyze the effect
on Mach number and angle of attack stability re-

gion with fractional order PID. The fractional or-
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der PID has a broader stability domain, namely
stronger robustness is also demonstrated. Then
ADRC f{ractional PID is designed by combining
ADRC with the fractional order PID and uses the
tracking-differentiator to solve the conflict be-
tween the overshoot and the rapid nature of the
traditional PID controller through organizing the
transition process. Finally the superiorities of
ADRC fractional PID in controlling quality and

stability domain are demonstrated by simulation.

1 STABILITY DOMAIN ANALY-
SIS USING D-DECOMPOSITION
METHOD

Take pitch channel model of Hypersonic

flight vehicle as example" !
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where V', 0, h, a, and o, represent the velocity,

Cu(w,) =

the flight-path angle, the altitude, the angle of
attack, and the velocity of path angle; p repre-
sents the atmospheric density; L and M. represent
the lift and the pitching moment, m, I., ux, S,
and Rg the mass, the moment of inertia, the
gravitational constant, the reference area, and
the radius of the Earth, C., Cy(a), Cy(4.), and
Cy (w,) the lift coefficient, the moment coefficient

about angle of attack, the moment coefficient

about elevator deflection, and the moment coeffi-
cient about pitch rate, ¢=80 is the mean aerody-
namic chord and ¢,&0. 03 the mean constant coef-
ficient.

The pitch channel mode of the hypersonic
flight vehicle is expressed by a nonlinear transfer

function of Mach number and angle of attack.
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and s represents the differential operator.
The fractional PID controller model is chosen
as follows
C=10001 +s *4 59
Therefore, the system closed-loop transfer
function is
GC
1+ GC
Da « 100" + s* + 1)
s*(Aa + AC — B) + Da « 100(s*™ + s* + 1)
(3)

The characteristic polynomial is
P(s;Ma,a) = s*"(Aa + AC — B) + Da -

100(s* ™ 4 s* + 1) 4)
Definition 1 Set the stability domain of the
Mach number and the angle of attack to be Sy,
when K= (Ma,a) €Sy, the stability condition of
the control system is that characteristic roots are
in the left-hand of the s plane. The boundaries of
the stability domain S, are described by the real
root boundary (RRB), the infinite root boundary
(IRB) and the complex root boundary (CRB),
and can be determined by the D-decomposition
method. The three root boundaries are shown as
follows

RRB. P(0;K) =0

IRB: P(c03;K) =0

CRB: P(+ jw;K) =0
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The RRB border line equation can be ob-
tained by putting s=0 into the characteristic poly-
nomial Ma=0.

As numerator and denominator of transfer
function of the most high-end times of hypersonic
flight vehicle pitch channel are not equal, there is
no IRB boundary line.

The CRB border line equation can be ob-
tained by putting s = jw into the characteristic
polynomial.

The formula of fractional power for complex

number is

(6 + jw) = (Vo> + «*)’[cos(Yarctan %) +

jsin (Yarctan %)] (5)

where o, w and 7 are the real part, the imaginary
part and the order, respectively.

The following function can be obtained
j’=cos(7%)+jsin(7%” 6)
With substituting Eq. (6) into the character-
istic polynomial and setting the real and the imag-
inary parts to be 0, the stability domain of Ma
and a can be calculated. During calculating w&
(0,00), it takes the results of Ma>>0. Then the
stability region boundaries for RRB connect with
CRB when a=oco. The stable region is above the

boundary curve for CRB.
1.1 Effect of A on stability region

Taking #=1 and A=0, 0.2, 0.4, 0.6, 0.8,
1. 0, the stability domain of the hypersonic flight

vehicle is shown in Fig. 1.
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Fig. 1 Effect on stability region when A changes

In Fig. 1, the stability domain reduces as A
increases. Changes are apparent when a € [ 5,
30]. The stability domain of traditional PID is
smallest and the fractional order PID expands the
stability domain. Results show that the fractional
order PID is less sensitive to change system pa-
rameters than that of the traditional PID. And
the application is broader. Therefore, A should be
taken the fractional order and a smaller value.

Here select A=0. 2.
1.2 Effect of « on stability region

Taking A=1 and #=0.2, 0.4, 0.6, 0.8,
1.0, the stability domain of the hypersonic flight

vehicle is shown in Fig. 2.
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Fig. 2 Effect on stability region when p changes

In Fig. 2, the stability region first decreases
and then increases as u increases. The stable re-
gion is smaller than that of the traditional PID
when g is smaller. The stable region will remain
when g is 0. 6—0. 8 and the stable region is bigger
than that of the traditional PID. Therefore, g
should be taken a larger value. Finally the value
of i is determined by the combination of integrat-
ed time absolute error (ITAE) index or taken px=
1 to simple the fractional PID design and combine
with the ADRC technology when the system pa-
rameters are not charged with the curves of criti-

cal circumstances.
2 ADRFO CONTROLLER

Tracking differentiator (TD) is an important

component of ADRC control technology. In the
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practical problems of engineering, TD mainly
takes the tracking signal and the differential sig-
nal of the discontinuous or noisy signal effective-
ly. Namely TD gives out the tracking signal and
the differential signal of the input by differenti-
ating the tracking signal. For the discrete sys-
tem, the specific algorithm is given as follows

le(k + 1) = 2, (k) + ha,(k)

Loy + 1) = oy (k) + hu u| <r

An integrated function of optimal control

D

Jhan (xy, x5, r» h) algorithm is constructed as

follows
d=rh
d, = hd
y =z + hx,
a, = vd* + 8rly|
a, —d .
J12+ 5 sign() |yl >dy (®)
a — N
Y
=+ 2 vl <d,
Jrsign(a) la| >d
fhan =—
“ 17’% la| < d

The tracking differentiator is discretized by
replacing x, (k) with x,(#) —v(k), then we have
Jh = fhan(zx, (k) — v(k),2,(k) ,7,h)
xik + 1) = 2,(k) + ha,(k) D)
z,(k 4+ 1) = x,(k) + hJh
where v(%) is the input signal, x, (k) the tracking
signal of the input signal, x, (%) the differential
signal of x,(k), by which the differential signal of
v (k) can be approximated, r the fast factor, and
h the filter factor. And x, (k) tracks v (k) faster
as r 1s greater.

The ADRFO PID controller model of pitch

channel of the hypersonic vehicle is shown in

Fig. 3.

Fractional order
PID

Fig. 3 Pitch channel control block diagram

of hypersonic vehicle

3 SIMULATION

The simulation parameters are selected as
follows: ry=r, =300, hp=h,=0.1, t=0.001,
where 7,, h, are respectively the fast factor and
the filter factor of forward path, r,, &, respective-
ly the fast factor and the filter factor of feedback
path, ¢ is the sampling time. The simulation re-
sults are shown in Fig. 4 under the conditions:
(1) Ma=15; (2) Expected a=10 with Gaussian
white noise; (3) Pulse amplitude of 10° in 5 s in

the input signal.
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Fig. 4 Simulation results of controller

The control effects and quality of fractional
order PID, ADRC and ADRFO PID are better
than those of the traditional PID. The control
time and the overshoot are superior to the tradi-
tional PID. Compared with the fractional order
PID and ADRC, ADRFO PID reduces the control
time, but the overshoot is slightly larger; The
overshoot of ADRC is smallest, but the control
time is slightly larger; And ADRFO PID is be-
tween them.

Fig. 5 shows that when a=10, Ma=2.7, the
system is unstable for the traditional PID and
ADRC, while stable for the fractional order PID.

ADRC simulation results are divergent and
unstable, while the ADRFO PID simulation re-
sults are convergent and stable. Since the ADRC
sets the time of the transition process, and over-
shoot and control time have been greatly im-
proved. But the stability domain inherits the

characteristics of the traditional PID. The frac-
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Fig.5 Control system stability analysis

tional order PID expands the stable domain of the
traditional PID and improves the robustness of
the controller. Therefore, combining the advan-
tages of ADRC controller with fractional order
PID controller can improve the control quality and
the stability domain of the controlled system, and

also improve the robustness of the controller.

4 CONCLUSION

Since the ADRC and fractional PID con-
trollers are extension of the traditional PID, they
inherit the advantages of the traditional PID and
obtain the better control quality and the greater
robustness. ADRFO PID combines the advan-
tages of ADRC and the fractional order PID con-
troller. In the case of noise and large perturba-
tion, the controller still has a better control quali-
ty. And the controller resolves the contradiction
between the rapidity and the overshoot and gener-
ates larger stability region at the same time. The
controller has stronger robustness against the
perturbation of system parameters and it is conve-

nient to be used in engineering application.
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