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ABSTRACT This paper proposes two kinds of dual-loop nonlinear robust control strategies that are
implemented on an open-loop unstable two-degree-of-freedom (2-DOF) helicopter system with unmodeled
dynamics and uncertainties. The inner feedback loop is considered as a nominal controller realized by an
existing “intelligent” proportional differential controller (iPD) while the outer layer feedback control is
regarded as a compensation loop. We study two different forms of outer loop in this paper. One is model-
free sliding mode compensator (MFSMC) and another is model-free data-driven compensator (MFDDC).
The combination of the shared inner loop and either of the outer loops forms two different kinds of model-free
robust control strategies, i.e., iPD-MFSMC and iPD-MFDDC. Both robust control approaches are validated
experimentally on the attitude tracking control of a 2-DOF laboratory helicopter, whose control objective
is to have the helicopter attitudes, i.e., pitch and yaw motions, track specified trajectories. To demonstrate
the utility of the two control approaches, we compare them with linear quadratic regulator (LQR), optimal
feedback linearization control (OFLC) and iPD, respectively. The extensive comparison of the simulation and
experimental results shows that the dual-loop robust control approaches are quite promising in controlling
the systems with unknown dynamical models.

INDEX TERMS Dual-loop nonlinear robust control, sliding mode compensator, data-driven compensator,

unmodeled dynamics and uncertainties, small helicopter.

I. INTRODUCTION
Flight control of unmanned aerial vehicles (UAVs) is a popu-
lar topic in recent years. Small helicopters can be considered
as a special type of UAVs with multi-variable, inherently
unstable and strongly coupled nonlinear dynamics. They have
been frequently studied as experimental platforms for control
designs. In this paper, we conduct two different model-free
robust control experiments for attitude control of a laboratory
helicopter and compare the proposed controls with model-
based control methods.

At present, we can retrieve a large number of papers
on helicopter control from various databases. From the
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perspective of whether the controller design depends on the
dynamic model of the system, the control design methods
can be roughly divided into two categories: model-based
and model-free. Generally, the model-based control method
requires the designer to establish a mathematical model that
can reflect the laws of helicopter motion, often in the form
of differential equations or difference equations. There are
many control methods that fall into this category, such as LQR
[1]-[4], feedback linearization control [S]-[7], backstepping
control [8]-[10], sliding mode control [11]-[13], model pre-
dictive control [14]-[16] and so on. When the helicopter
works near the hovering point, for the sake of simplicity,
a linear model can be built for controller design. The LQR
design is an example. To enhance the flight performance of
the helicopter in a complex environment or for maneuvering,
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a more accurate nonlinear system model for controller design
is needed. For a specific control method, the control perfor-
mance is positively correlated with the accuracy of the model.
However, the construction of an accurate helicopter dynamics
model is quite expensive, and there is the possibility that the
designed controller may not return the optimal set of parame-
ters in model-based design. For these reasons, the model-free
control design method has been favored by scholars.

In recent years, researchers are increasingly interested in
controller design and optimization based on experimental
data. As a result, there are less requirements for the sys-
tem model, or the model is not even needed at all. Numer-
ous model-free controller designing and tuning techniques
have been proposed based on the classical control theory,
such as simultaneous perturbations stochastic approximation
(SPSA) [17], iterative feedback tuning (IFT) [18], virtual
reference feedback tuning (VRFT) [19], model-free adaptive
control (MFAC) [20], model-free control (MFC) [21], model-
free iterative learning control (MFILC) [22], efc. These tech-
niques are general data-driven or data-based control methods
with extensive theoretical research and applications in differ-
ent fields [23]-[26].

Different from other model-free control approaches,
the MFC works with an ultra-local model continuously
updated according to input-output behavior, which can deal
with the unmodeled dynamics, system uncertainties, and
external disturbances. It usually works together with a
P/PD/PI/PID controller, by which the combination is known
as i-P/PD/PI/PID controller [21]. Without knowing the exact
dynamic model of the system, MFC only needs general
knowledge about system dynamics to determine and tune
controller parameters. Besides, it has large advantages in
dealing with the unmodeled system dynamics, uncertainties,
and external disturbances that could have a crucial effect on
system stability. It should be emphasized that this control
method has already been most successfully applied in many
practical case-studies [27]-[30]. The key to the success of
the MFC is to continuously update the unknown ultra-local
system dynamics with input-output data, while generating
control signals. However, many objective factors, such as
derivative estimation error, control signal lag, environmental
noise, efc., always introduce a certain difference between the
estimated value and the real value of the system dynamics.
They all affect the control performance of the system and may
even lead to the instability of the controller. In this paper,
we take a PD controller based on MFC as a nominal con-
troller (iPD) to stabilize the 2-DOF helicopter system firstly.
Then, two different compensation strategies are introduced
to the iPD-controlled system to improve the attitude control
performance of the helicopter.

The first compensator derives from a nonlinear slid-
ing mode control (SMC) design. SMC is an easily under-
standable nonlinear control technique with the advantage of
robustness against system uncertainties, parameter variations,
and external disturbances [31]-[34]. To decrease the influ-
ence of derivative estimation error, control signal lag, and
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environmental noise to MFC, the sliding mode controller is
used to design compensators that are embedded into the MFC
and enhance its control performance [35]. Wang et al. [36]
design a model-free based sliding mode controller (MFSMC)
by combining the MFC and a sliding mode controller together
and apply it to the attitude control of a quadrotor. In the
work of [37], two model-free sliding mode control system
structures are designed and validated by a set of real-time
experimental results on a nonlinear laboratory twin-rotor
aerodynamic system. In this paper, the model-free sliding
mode compensation technique is investigated and used to
improve the performance of the nominal controller. The com-
bination between the iPD and MFSMC forms the first dual-
loop control structure (i.e. iPD-MFSMC) we studied in this
paper.

The second model-free compensator in this paper is a data-
driven offline learning technique based on integral reinforce-
ment learning. Reinforcement learning (RL) is known in the
control community as adaptive (or approximate) dynamic
programming (ADP). RL can be divided into model-based
RL and model-free RL according to how much knowl-
edge of the system dynamics is known. In the scope of
model-based RL, the online synchronous policy iteration (PI)
algorithm [38] is used to update the actor and critic neural
networks (NN) [39] based on the full knowledge of system
dynamics. The integral RL (IRL) technique [40], [41] is
considered as a data-based RL only using partial knowledge
of system dynamics. With the combination of IRL and off-
policy scheme, the offline iterative learning is used to control
the partially unknown system [42]. In the scope of model-
free RL, Zhang et al. [43] make a significant contribution in
the optimal robust tracking control, which provides a solid
foundation for using RL in the field of optimal tracking
control of unknown general nonlinear systems. The method
has two main advantages: 1) only the input-output data are
required instead of an exact system model, 2) the tracking
error converges to zero asymptotically in an optimal way.
Based on the IRL technique and off-policy scheme [44],
the data-driven RL has been used in uncertain systems [45],
zero-sum games [46], [47], nonzero-sum games [48], [49],
Hy control [50], etc. With online measurement and off-
policy learning, Zhang et al. [48] solved the continuous-
time unknown nonzero-sum game with partially constrained
inputs by a model-free ADP algorithm. However, this method
makes sense only if the right-hand side of system x =
J ) +g1()uy +g2(x)uy is Lipschitz continuous on a compact
set 2 € MN" containing the origin and the system is sta-
bilizable on 2. Unfortunately, few real-time applications or
actual studies apply this control method to open-loop unsta-
ble systems. In this paper, we extend this method to open-
loop unstable dynamic systems by introducing a dual-loop
feedback control strategy. The model-free iPD is considered
as the inner-loop to stabilize the initial system firstly, then a
model-free data-driven compensator (MFDDC) is embedded
into the iPD controlled system. The mixture of iPD and
MEFDDC fully exploits their respective advantages, broadens
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FIGURE 1. The twin-rotor helicopter model made by Quanser company.

their application scope, and improves their control effects.
This mixed control approach (i.e., iPD-MFDDC) is the sec-
ond dual-loop control structure we studied in this paper.

Both dual-loop feedback control strategies are validated
on the attitude tracking control of an initially unstable aero-
dynamic system. Furthermore, this paper offers a thorough
discussion of experimental results by a cross-comparison of
different control approaches. The contributions of this study
are as follows,

(1) Proposed two dual-loop model-free control strategies
and apply them to the attitude tracking control of an unstable
aerodynamic system;

(2) Carried out a thorough experimental comparison
between the dual-loop control approach and other model-
based approaches. It is shown that the model-free controller
with/without the proposed compensator has better perfor-
mance than the model-based controller. By adding a com-
pensator to iPD, the tracking control performance can be
improved largely. Besides, iPD-MFDDC has superior com-
pensation performance to iPD-MFSMC.

This paper is organized as follows. Section II introduces
the helicopter setup and reviews a model-free control strat-
egy, i.e., iPD. The MFSMC and MFDDC are designed in
Section IIT and IV respectively. The simulation and experi-
mental studies are presented in Section V. Finally, Section VI
concludes this paper.

Il. THE HELICOPTER SYSTEM AND MODEL-FREE
CONTROL DESIGN

The Quanser 2-DOF laboratory helicopter shown in Figure 1
consists of a helicopter model mounted on a fixed base with
two propellers that are driven by DC motors. The front pro-
peller controls the elevation of the helicopter pitch angle,
and the back propeller controls the side to side motion of
the helicopter yaw angle. The pitch 6 and yaw ¢ angles are
measured through two high-resolution encoders. The pitch
encoder and motor signals are transmitted via a slip ring,
which eliminates the possibility of wires tangling and allows
the yaw angle to rotate freely 360 degrees.
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A. MODELING OF THE HELICOPTER

To establish an accurate model, many factors, such as the
thrust force produced by the rotation of the propeller, counter
torque produced by the rotation, gyroscopic effect, etc., are
usually taken into consideration. However, for convenience,
the helicopter body and the propellers are usually assumed
to be rigid. The complex rotor aerodynamics and their inter-
action with the helicopter fuselage are generally simplified.
The mathematical model of the 2-DOF helicopter is obtained

based on the following conventions [51],
1) The helicopter is horizontal when the pitch angle

6 =0;

2) The pitch angle increases positively 6(¢) > 0 when the
nose moves upwards and the body moves in counter-
clockwise direction;

3) The yaw angle increases positively ¥ (¢) > 0 when the
body rotates in counter-clockwise direction;

4) Pitch increases & > 0 when the pitch thrust force is
positive F), > 0;

5) Yaw increases ¥ > 0 when the yaw thrust force is

positive F, > 0.
With the Euler-Lagrange method, the equations of the pitch

and yaw motions with the servo motor voltages as inputs can
be described as follows [51],
Jp + mul%, )8 4 myl2, ? sin 6 cos 6 + B0
+mpglem cos @ = kpp Vo + kyy Vi,
Jy + mul2, cos O — 2mypl2, 64 sin 6 cos
+By Y = kyy Vo + kyy Vi (1)

where Vy and Vy, are the voltage inputs to the motors of the
propellers acting on the pitch and yaw respectively.

To consider the extra unmodeled dynamics and system
uncertainties, we can write the system model into a state-
space form equation as follows,

X1 X3 0 0

X X4 0 0 u

. 2
X3 A [ Tlen sn |:u2] @
X4 S (%) g1 &»

where x = [x1, x2, X3, X4]T is state variable, x; = 0, x, = V¥,
x3 = 6 and x4 = v represent the pitch angle, yaw angle, pitch
angle velocity, and yaw angle velocity respectively. f; (X), g;j
andu; (i = 1,2;j = 1, 2) represent the system drift dynamics,
input factor and input voltage respectively. They have the
following expressions,

1
i = —A—l(mhlczmxf sinxj cosx1 + Bpx3

+mpglem cos x1) + Aft,

1
Hx = A_2 (thlczmxgm sinxj cosxj; — Byx4) + Af,

kpp kyp

= — 8 . = —— 8 .

811 A + 911, 821 A + 021

k kyy

g12 = 2 4812, g2 = == + 8,
1 Ar

A=, +mhlczm, A=y +mhlczm cos2x1,
uy = Vo, up =Vy.
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where Af; (i = 1,2) represents the unmodeled dynamics
and uncertainties in the pitch and yaw channel respectively.
The unmodeled dynamics and uncertainties may include the
approximation of propeller viscous damping forces and aero-
dynamic forces, measurement error of system parameters,
external disturbances and other factors not mentioned here.
;i (i = 1,2; = 1, 2) denote the uncertainties of experimental
measurements of the motor voltage-torque constant and pro-
peller torque-thrust constant. However, it is difficult or almost
impossible to determine the exact form of expression for Af;
and §;; in real applications.

The helicopter system can be simplified into a two-order
nonlinear model by considering the system outputs y; = xj

and y; = xp, and defining two user-defined non-physical
constants o and o,
i e Uy
Lol =% + , 3
= [R0]+ (] ©

\:vhere o; (i = 1,2) are non-zero user—~designed parameters,
HC) =AG)+(@u —aur +gizuz and f2(-) = () +ga1u1 +
(g220—0a2)uy are two nonlinear functions that include unknown
system dynamics and undesigning control inputs.

Without an accurate dynamic model of the helicopter
system, it will be quite difficult to implement the control
task according to the traditional model-based optimal con-
trol methods. However, building an accurate mathematical
description of unmodeled dynamics, system uncertainties,
and external disturbances is usually difficult and expensive,
even impossible. The conflict between the need to build an
accurate mathematical model and its high cost drives our
research on model-free control in this paper. We take the
initiative to bypass the step of establishing a precise math-
ematical model of the helicopter and adopt a model-free
control method to complete its attitude control task.

B. A MODEL-FREE CONTROL APPROACH

By equivalent conversion, the system (3) can be approximated
for a short time window into an ultra-local model,

Vi = hi + ou; “4)

where h; (i = 1,2) is a continuously updated value that
captures all the unknown nonlinearity and uncertainties in
the input-output behavior of the system. Since the above
equation is valid for a short time window, it must be updated at
each sampling time, Ar. At time interval [kAf, (k + 1) At],
the value of A; is updated from the measurement of «;u; and
¥; in the following manner,

hi (k) = [ ()]egy — ity (k = 1), i=1,2 &)

where izi (k) is the estimated value of £; at the time point k A¢.
It will be used for the computation of the control input u; (k)
later. The notation [y; (k)] is the estimated value of the
second-order derivative of the output y; at the time point k At.
In this study, the first and second derivative are estimated by
low-pass filter (LPF) to attenuate the noisy signals with the
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following transfer functions,

2
.S
Lis)=5—L—— ©)
§%+ 2frwers + W
2 2
w8
La(s) = e @)

§2 + 20 wefs + wgf '

where w;s = 207 and {f = 0.85 are the cutoff frequency
and the damping ratio of the low-pass filter respectively.
Besides, to get the second derivative of a time sequence of the
measured output, we can also take the first derivative twice.
The notation u; (k — 1) is the control input of the previous
sampling time point. Generally, the model-free control input
can be written as

~

h. — Vg .
Ui = _M’ ®)
Q;
where y4(i = 1,2) is the second-order derivative of the

desired output and u.;(i = 1, 2) is a feedback controller used
to stabilize the ultra-local system.

Substituting Equation (8) into (4), and assuming that 4; can
be well approximated by functions hiin Equation (5), we have

éi +uc; =0, 9

where e; = y; — yqi (i = 1, 2) is the output error. With an iPD
control strategy, uc; = kpie; + kgié;, i = 1, 2, the model-free
controller (8) reads

~

hi — Yai + kpie; + kqie;

&7

Ufe,i = — i=1,2. (10)
Ill. A MODEL-FREE SLIDING MODE COMPENSATOR

The key step for the success of the model-free control is
lying in updating the unknown system dynamics in real-
time through Equation (5). However, many factors, such as
derivative estimation error, control signal lag, environmental
noise, etc., always introduce a certain deviation between the
estimated value and the real value of the system dynamics.
In this section, a sliding mode compensator is developed to
compensate for the estimation errors of iPD.

A. SLIDING MODE COMPENSATION APPROACH

An augmented sliding mode compensator, ug,., will be
designed and added to the model-free controller (10),

3 hi — Vai + kpiei + kaiéi

Q;

up = + Ugme,i» i=1,2 (11)
Substituting Equation (5) into (11), the closed-loop control

system can be described by the state-space equations through

introducing new state variables, z; = e1, 220 = €2, 23 = €]
and z4 = é,

21 =23,

2 = 24,

_ (12)

23 = —ka123 — kp121 + A1Usme,1 + D01,

24 = —kgoz4 — kp2Z2 + cougpe,2 + AVeRR
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where Ag; = Vi — [Vilyy = hi — ill-, (i = 1, 2) represents
the unknown estimation errors. Because the state equations
in (12) are decoupled, two sliding model compensators can
be designed separately.

Define a pair of sliding surfaces for pitch motion and yaw
motion respectively,

s1 =21+ Az3, s2 =22+ Arza. (13)

For the pitch motion as an example, we consider a
Lyapunov function
1,
Vi = 251 (14)
According to the Lyapunov stability theory V; < 0,
the design of pitch motion sliding mode compensator needs
to satisfy the following reaching and existence condition

5181 < 0. (15)
On the sliding surface, we impose s; = 0 and 51 = 0,
St=a+M5
=3+ M (—ka123 — kp1z1 + @ittgme,1 + A1) . (16)

An equivalent control law can be solved,

(Mikprzi — (1 — Akg)zz — A1 Aol (17)

Usmc,eql = T
' Arog

Since the estimation error A is unknown and can’t be
measured accurately, the equivalent controller can’t be used
to control the system directly. In an actual implementation,
Ap1 is usually replaced by a hypothetical value function
AQ1, and then an additional switching term ugpe w1 =
—Alf—;lsign(sl) with K1 > 0 a user-defined parameter is
added to ensure stable running of the system along the sliding
surface. Hence the final sliding mode compensation law reads

Usme,1 = Usmc,eql + Ugme,swl (18)

where figme eq1 = rlm[)»lkplzl — (1 = Mkg1)zz — 21 A01]
and the estimated error and the hypothetical value function
satisfies that |AQ] — A@1| < Ej. Here, E; > 0is a known
constant. Normally, the discontinuous switching law in Equa-
tion (18) may cause chattering phenomenon. To tackle this
issue, we follow the traditional practice by introducing a sat-
uration function to replace the sign function in the switching

law,
K, t(sl >
Usme,swl = ———Sat| —
Aoy é1

1, s1 > ¢1
K 51
=——1—, —¢1=<s51=¢ 19
rar | 9 (19
-1, 51 <—¢1

where 0 < ¢1 < 1 is the boundary layer thickness of
the saturation function. The block diagram of the proposed
control structure for the model-free control with the sliding
model compensator is shown in Figure 2.

36586

MFSMC

Sliding
Surface, s(f)

Switching
Control, ug, o,

Equivalent
iPD Control, #

sme.eq

Ya

Yy
—>

FIGURE 2. The block diagram of the iPD-MFSMC approach. The iPD acts
as the inner-loop controller that is used to stabilize the initial system
while the MFSMC serves as the outer-loop compensator, which is used to
compensate the inner-loop controlled system and finish the attitude
tracking task.

B. STABILITY PROOF
The stability of the model-free controller with the proposed
sliding mode compensator is discussed by taking different
values of the sliding mode parameter, 51 : |s;] < ¢; and
Isi] > ¢1.

Case 1: |s1| < ¢

Substituting Equations (18) and (19) into Equation (16),
the existence and reaching condition (15) becomes

. ~ §1
S181 = 81| M (AQ—AQ1)—Klsat E

K
< MEj |s1] — as% (20)

If K| > %, the reaching and existence condition (15)
is guaranteed.

Case 2: |s1| > ¢

Substituting Equations (18) and (19) into Equation (16),
the existence and reaching condition (15) becomes

. ~ 51
8181 = 81 [M (AQ — AQ1) — Kjsat (¢—>:|

1
= A1 (Ao — Ad1) 51 — Kisisign (s1)

= A1 (Ao — Ag1)s1 — K Isi]

< (ME| — Ky) 1] 21

If K1 > A1Eq, the reaching and existence condition (15) is
guaranteed yet.

When the value of parameter K is
max )“lflllqbl,MEl} + np with n; > 0 a positive con-
stant, the Lyapunov stable condition is satisfied, i.e.,
Vi = 18] < —n1 |s1]. The expression of the sliding mode
compensation law added to the model-free control (10) for
the pitch motion is

selected to

1
Usme,1 = m[)ﬂkmm — (I = Atkg1) z3

—A1A01 — Kisat(si/¢1),  (22)
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FIGURE 3. The block diagram of the iPD-MFDDC approach. The iPD
controller and MFDDC represent the inner-loop and outer-loop
respectively.

Similarly, the sliding mode compensation law added to the
yaw motion can be written as

1
Ugme,2 = E[szpzzz — (1 = Aokg2) z4
—X2A02 — Kasat(sy/¢2)], (23)

Patags szz} Fom >0 (24)
Is2|

where E; > 0 is a known constant. It is noting that the

gains K| and K> are relating to the sliding surface parameters

s1 and s, respectively. In practice, we need to calculate the

value of each sliding surface at each sampling time . Refer to

section V-B for the constant parameters used in this section.

Ky = max{

IV. A DATA-DRIVEN COMPENSATOR

In this section, a model-free data-driven compensator
(MFDDC) that serves as the outer-loop control strategy
is introduced to iPD control. MFDDC is implemented
by an actor-critic neural network (NN), which learns the
optimal value function and optimal compensation policy
simultaneously. The dual-loop feedback control structure
(iPD-MFDDC) is illustrated in Figure 3.

Recalling the helicopter model with unmodeled dynamics
and system uncertainty described in Equation (2), substituting
the model-free control law (10) into it and considering the
data-driven compensator u;g., we can write the controlled
system into the following form,

x = f(x) + g(X)uggc, (25)

where x =[x, x0,x3, a7, fx) = [x,x0,AK) +
Slllme,l + 82Umpe 2. 2(X) + gailmpe1 + g22Umpe 21T,

T
0, 0, g21, g22 T
X and u = [u 7

g(x) 0.0, 211, 212 dde [Udde,1, Udde,2]

represents the data-driven compensation law.
Define a continuous value function

V(x) = /oo L(X, ugg.)dr. (26)
t

where L(x,u) = %(XTQX + ugchuddc) is the Lagrange
function with Q > 0 a semi-positive symmetric matrix and
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R > 0 a positive symmetric matrix. The Hamilton-Jacobi-
Bellman (HJB) equation for the system (25) is

avVx)T
L(x, ugac) + P [fx) + gX)ugge] = 0. 27)
The optimal control can be solved from the HIB equation,

aV(x*)

x
where x* is the optimal state at time ¢. Let “fldc and VK(x)
denote the control input and value function at the k™ iteration
and let ), denote an admissible control at the (k + 1
iteration step, we have

8Vk+1(X)T

wi, () = —R'ghx") (28)

[f(x) + gx)uk, 1+ Lx,ub, ) =0,

Vitl(x) = 8Vk;r#[f(x) + g, 1, =
which implies that
V(%) = —L(x,uf,)
+$g(x)(u’dd€ - 30

Besides, Equation (28) implies that avk;#g(x) =

—(u’;};‘cl )TR. So the Equation (30) can be rewritten as

VA (x) = —L(x, uby) — @RI, —ub, 0. 3D

According to the integral reinforcement learning [48], [52],
integrating both sides of (31) from ¢ to r 4+ At, the following
equation is true

VE (x(1)) — VI (x(t + At))

t+At
—~ f W ) TR (1) — vk (0)d e
t

t+At
- / Lx(D), ul (0))dT (32)
t

With this updating rule, the unknown value function V*+!
and the compensation law “lfidc are no longer relevant to
the system model. They both can converge to the optimal
ones V* and u},. simultaneously [48]. For implementation
purposes, the optimal value function V* and control policy
u),. can be approximated through a critic neural network
and an actor neural network respectively. The approximate
solutions of (32) based on the actor-critic NN can be written
as

VEF ) = Wy 4 dv (3, (33)
! = Wi 6u), (34)

where ¢y: R* — REV ¢,: R* — RKe« are linearly
dependent basis function vectors, Wy ;41 € RXV and
Wy k+1 € RE«Xm are the estimations of unknown coefficient
vector and matrix with Ky and K, the numbers of hidden
neurons. It is known that as Ky — oo and K, — 00,
the approximate solution V(x) and U,4.(1) will converge to
the true solution V(x) and u4.(¢) respectively. For the special
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case of 2-DOF helicopter system, the parameters satisfies:
m=4andn=2.

Define a time sequence #; = jAr withj =0, 1, ...
large interval. The residual error of the critic NN is

=V ) — VT (x(0)

lj+1 L
— f ;C(X, uddc)df
i

,qfora

tit1
- [ TRy~ dlyoae
]

= [¢v (x(1)) — ¢v (X(O+1))]T WV kt1

fji+1

Ta / ~ T
- by Wuk+1R (uddc - Wu,kcbu) dt
f

1 [fi+ R .
-5 /t (xTQx + T W, RWT k%) dr.  (35)
'j

The residual error can be written in a compact form by
introducing the Kronecker product ®,

e]’?H = ]T(Wk)Wk+1 - 7Tj(V_Vk) (36)
- T ) 1T
Wiyl = [Wv,kH,VEC(Wu,kH) ] (37
where V_VE 41 € RK s the estimated weighting function

vector with K = Ky + mK,. vec(-) denotes the vector-
ization of a matrix formed by stacking the columns of the
matrix into a single column vector. Besides, the iterative index
k € {0, 1, ...}, the time sequence index j € {0, 1, ..., g}, and
pj, mj are defined as

_ oy (x(1)) — dv (X(1j11)) » 3
pj = _ ft;jJrl R (uiidc _ Wlk(ﬁu) ® ¢udT ) ( )

1 [i+ R R
=5 / X Qx + ¢, Wy RW,, (dudT. (39)
il
Based on the least-squares (LS) principle, the estimated
weighting function vector Wy | can be determined by mini-
mizing (e]].<+l )2. The solution is
Wirt = [PTWOPW)IT PTI(WOII(W,) - (40)
with

P(Wi) =100, p1, - pgl" (41)
MWy = [0, 71, - ..., gl T (42)

The inverse of the matrix PT(Wk)P(Wk) must exist,
i.e., the matrix PT(Wk) is a full rank matrix. In general,
the number of data points should satisfy g > rank(P(Wk)).
Besides, the terminate condition of the updating rule is set as
||V_Vk+ | — Wi || < €, where € is a very small positive number.
So, combining the data-driven compensator with the model-
free controller, we obtain the final control input

u =y + (W) (), (43)

where W} is the optimal gain parameter trained with the input
and output data of the system. The model-free control law
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with a data-driven compensator is completely independent of
the system model but only related to the input and output data
of the system.

V. RESULTS AND DISCUSSIONS

We first review two kinds of model-based control approaches
that are used to compare to the proposed model-free control
strategies. Then, a simulation is taken to show the robustness
proprieties of the model-free controller with different types
of compensation mechanisms. Finally, we designed three
experiments to demonstrate the compensation effect of the
two designed compensators.

A. MODEL-BASED CONTROL FOR COMPARISON

By neglecting the unmodeled dynamics, system uncertainties,
and external disturbances in Equation (2), the 2-DOF heli-
copter system can be described accurately with the system
parameters listed in Table 1. The linear quadratic regula-
tor (LQR) control [51] and an optimal feedback linearization
control (OFLC) [7] are taken as two comparison baselines
to evaluate the control performances of the two model-free
control methods above. It’s worth noting that the two model-
based control methods are based on the state equation (2) that
ignores the unmodeled dynamics, system uncertainties, and
external disturbances.

1) LQR DESIGN

According to [51], the pitch angle 6 is regulated by a pro-
portional integral differential (PID) with a feed-forward term,
meanwhile, the yaw angle v is regulated by a PID controller
without a feed-forward term. The nonlinear feed-forward
term in the pitch angle control compensates the gravitational
torque Ty = Mpeiglem cos 6 in Equation (1) and reads

Mpeli8lem €Os Oy

, (44)
Kpp

ufp = ki
where 6, is the desired pitch angle and ky = 1.0 is the
feedforward control gain, which compensates the gravity. The
PID feedback control [u1, us]T = pid (Xg — X) is optimized
with LQR by linearizing the nonlinear model into a linear one.
The control gain is

Koo 18.94, 1.98,7.49, 1.53,7.03, 0.77 45)
pid = | _22.19.45, —0.45,11.89, —0.77,7.03 |

So the model-based PID controller reads

w= |0 |+ Ko s . (46)

2) OPTIMAL FEEDBACK LINEARIZATION CONTROL (OFLC)
Lety = [y1, yg]T = [6(2), 1/f(t)]T be the system output, and
Ya = [vat, ya21' = [04(1), wa(1)]T be the desired trajectories
for the outputs. Neglecting the unmodeled dynamics and
system uncertainties in Equation 2 and extracting the last two
rows of this equation, we have

y=Fy. 9+ Gy, (47)
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TABLE 1. The parameters of the helicopter system.

Symbol Description Value Unit
mp total moving mass of the helicopter 1.3872 kg
lem center of mass along helicopter body from pitch axis 0.1860 m

Jeq.p total moment of inertia about pitch axis 0.0384  kg.m?
Jeqy total moment of inertia about yaw axis 0.0432  kg.m?
kpp thrust torque constant of pitch axis from pitch propeller  0.2040 N.m/V
kpy thrust torque constant of pitch axis from yaw propeller ~ 0.0068 N.m/V
kyy thrust torque constant of yaw axis from yaw propeller 0.0720 N.m/V
kyp thrust torque constant of yaw axis from pitch propeller ~ 0.0219 N.m/V
kg control gain of the gravity compensator 1.0 —
B, equivalent viscous damping about pitch axis 0.800 N/V
By equivalent viscous damping about yaw axis 0.318 N/V

where F(y, ¥) = [fi, /21T and G(y) = [?1 ZZ]. Referring

to the results in [7], the optimal feedback linearization con-
troller (OFLC) is

Wy = G =F(y, ¥e) + Kope(Ta — T, (48)

where y, is the numerical estimation of the derivative of
thte output signal, I’ ;lr = [yg, y}, 0;] and F;F = [y', y},
fo (" —y})d 7] are two extended vectors, and the control gain
reads

K. — 19.02,0.82,11.74,0.47,7.07, —0.25 (49)
oflc =12.14,19.11, —0.47, 11.75,0.25,7.07 |-

B. PARAMETERS OF THE MODEL-FREE CONTROL
WITH/WITHOUT A COMPENSATOR

Before the simulation and experiment, we first give the
parameters of each controller and their selection basis. The
parameters of the iPD controller (10) are selected as

o) = 18, ky1 = 3.1623, kg1 = 3.3652, (50)
oy = 16, kyp = 3.1623, kgp = 3.3652. (51)

Based on iPD, the control parameters used in iPD-MFSMC
are

A =5m=2¢ =0.1, (52)
A =3, m=2,¢=0.1 (53)

Furthermore, for convenience, we assume that the estima-
tion error is zero, i.e. A9; = Agy = 0, and after multiple
attempts, we set the estimation upper bounds as E; = 2 and
E, = 3.

The implementation of iPD-MFDDC needs to train an opti-
mal compensator coefficient w using the input-output data
of the helicopter system. In this study, we artificially choose
a set of probing excitation signal u;,(t) = [up,0, up,w]T with
the following form,

;o 1[sin(0.4r) 4+ 2sin(1.61),
u=-3 |:sin(0.51) + sin(1.97) + sin(9.lt):| S

The sampling time of each experiment is set as
At = 0.005s. When the data generation experiment runs
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FIGURE 4. The probing and pre-stabilizing control signal used to excite
and stabilize the systems, respectively. Only the data located in the time
window [12s,15.5s] will be used to train the data-driven compensator.

Trn = 20s, we totally accumulate 4001 pairs of input-
output data. The input data consists of the probing signal
u;,(t) and the iPD control signal u;nfc(t) while the output data
is composed of the system output y’, the output derivative
estimation [y'].s; and the integral of the system output signal
fé y'dz. The input data and the corresponding output data
are shown in Figures 4 and 5 respectively. Without loss of
generality, we select a narrow time window [12s, 15.5s] that
contains 700 pairs of input and output data from the whole
database for updating the compensator gain w,,.

To approximate the optimal solutions of the value function
and control policy with actor-critic NN, we define the com-
plete basis function vectors as

2.2 .2 2 T
¢V = [xlax27x35x47x1x25x1x39x]x47x2x37x2x4’x3~x4]

= [927 wzvézv 1/‘/'2,91//'7 99191//’ 1/[9? WW,QW]T» (55)

t t T
¢u = [-xl’x2’x3ax47/ -xlde/ xzd‘L':|
0 0

o t t T
= [0 [ oar. [ yar] (56)
0 0

The initial weights wyo and w,, of the two NNs are both
initialized to zero. In order to get an optimal solution with

36589



IEEE Access

Z.-C. Qin et al.: Dual-Loop Robust Attitude Control for an Aerodynamic System With Unknown Dynamic Model

y'dr

0,
<2 20t

—40 L . L .
10 12 14 16 18 20

Time (t)

t

FIGURE 5. The measured output data and its derivative estimation and
integral value. Only the data located in the time window [12s,15.5s] will
be used to train the data-driven compensator.

sufficiently high precision, we set the iteration termination
condition of the LS updating rule as “V_Vk+ 1 — Wk || <1078,
After 13 times iteration, the LS updating procedure is termi-
nated. We make the weight matrices w%,‘g and w3 obtained
from the 13" iteration represents the gains of the optimal
value function and optimal compensator policy respectively,
ie.,

V) ~ (W) gy, (57)
wiae(t) ~ (w) ¢, (58)

with wi} = [0.32, —0.89, —0.0003, 0.0003, —1.07, 0.01,
0.005, —0.024, —0.042, 0.007]” and

13 [—4.24,-13.89,0.25,—-0.12, —1.21, —2.50 "
v = | —0.87,-5.29,0.43, —0.14, —1.10, —2.51

C. SIMULATION RESULTS AND DISCUSSION

This section presents the simulation of step response for
the helicopter control based on five different control strate-
gies. By comparing the simulation results, we studied the
robustness of different control methods against unmodeled
dynamics, system uncertainties, and external disturbance.
We artificially set up two scenarios for comparison:

(1) Assume that the system model in Equation (2) is com-
pletely known and accurate, which means that the system has
no unmodeled dynamics, system uncertainties, and external
disturbance, i.e., Af; = 0, 8;; = 0. This scenario serves as a
baseline that aims to illustrate all five control approaches are
effective.

(2) Assume that the system model has a certain degree
of unmodeled dynamics, system uncertainties and external
disturbance, i.e., Af; # 0, 8;; # 0. In this scenario, we arti-
ficially add uncertainty and random noise to the system and
take it as the real accurate model of the system. For conve-
nience in this scenario, we assume that the uncertainty §;;
can be written as a percentage of the corresponding item in
the original system. For example, we set §;; = —0.153g71,

36590

which means that we take g1 in Equation (2) without uncer-
tainty minus 15.3% of the original value as the exact value
of this item. Similarly, we add uncertainty to the other terms
in turn, i.e., 810 = 0.165g12, 621 = 0.137g2; and 6 =
—0.185g2,. Different from the handling way on §;;, we set
Af; as a serial of random number with a specific mean
value and variance to represent the uncertainty and external
disturbance. In this study, we set Afj = rand(0.14,0.27)
and Af, = rand(0.31,0.23), which means that Af; and
Af, are two random sequences with mean value 0.14 and
0.31 and variance 0.27 and 0.23 respectively. Besides, we add
two Gaussian white noise signals with mean value zero and
variance 0.0141 to the state variables x; and x, respectively
to simulate the sensor noise.

Since LQR and OFLC are model-based methods that
require a completely known system model, we design them
in scenario (1). On the contrary, the iPD, iPD-MFSMC, and
iPD-MFDDC are model-free methods. We design them in
scenario (2). After finishing the design of five controllers,
we test them in both scenarios (1) and (2). Figures 6 and 7
show the output and input signals of the step responses
respectively. Observing the output signals in scenario (1)
alone, we can see that each control approach has good
tracking control performance. It means that if we have an
accurate mathematical model, all five control methods can
well realize the control task. However, when we add unmod-
eled dynamics, system uncertainties and external disturbance
to the helicopter system, the tracking control performances
of LQR and OFLC become worse. Meanwhile, the control
performances of iPD, iPD-MFSMC, and iPD-MFDDC are
still satisfied, which means that the three model-free control
strategies are quite robust against uncertainties and external
disturbances. The simulation results shown in this section
imply that the proposed model-free control strategies have
stronger robustness compared to the model-based ones.

D. EXPERIMENTAL RESULTS AND DISCUSSION
The controls of the 2-DOF laboratory helicopter are carried
out by two servo motors. To protect the system hardware from
damage, the input voltages of two servo motors should be
limited in the finite intervals. The pitch control voltage of the
UPM-2405 DC motor is bounded by the amplifier outputs
Vp,max = 24V and V), min = —24V. The yaw control voltage
of the UPM-1503 DC motor is bounded by Vy max = 15V
and Vy min = —15V.

We demonstrate the effectiveness of the proposed control
algorithm through three tracking control scenarios:

Tracking a Circle: The reference signals 6; and vy
together form a circular trajectory, whose center coordinate
and radius are with (—10, —20) and 20 respectively,

O + 10)* + (Yg + 20)* = 20? (59)

Tracking a Square: The reference signals 6; and g
together form a foursquare trajectory, whose center coordi-
nate and side length are with (—10, —20) and 40 respectively,
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FIGURE 6. The simulation results of the step response of five different
kinds of control methods. The subfigures (a;)-(e;) represent the pitch
motion trajectories under the control input of LQR, OFLC, iPD,
iPD-MFSMC, and iPD-MFDDC respectively. The corresponding yaw motion
trajectories are shown in subfigures (a,)-(e,). In each subfigure, the blue
line represents the reference signal, the red (green) curve represents the
result when the system model is with (without) uncertainties and
disturbances.

Tracking Complex Trajectories: The reference signal con-
sist of the summation of different harmonic signals,

6 = —8 —1 t in| —mt —
= + 7si +
2 cos 571 S 5”

7 b4
4sin [ — — ) -1
~+4 sin (507l’t+ 3> 0 (60)
. 1 . (27 b4
Vg = 2sin <Em) — 65sin (%nt + 3)
16 b4
—4 —nt+ — ) —20 61
cos (257t + 3> (61)

To clearly evaluate the performance difference between
model-based and model-free control methods, we define a
statistical indicator,

_|_
Je (0, ¥) = logy (M) ; (62)

where eg = 0 — 0 and ey, = Y — V4 are the tracking errors
of the pitch and yaw motions. Besides, we use the average
integral absolute error function to quantitatively discuss the
control performance of each control method,

1 T
e = [ (leal + ey ar. (©3)
T Jo
where T = 80s is the total running time of each experiment.
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FIGURE 7. The control inputs of five different kinds of control methods.
Subfigures (a;)-(e;) show the pitch motion control input voltages of the
five control methods LQR, OFLC, iPD, iPD-MFSMC, and iPD-MFDDC
respectively. The corresponding yaw motion control input voltages are
shown in subfigures (a,)-(e;). In each subfigure, the red (green) curve
represents the control input voltage when the system model is
with (without) uncertainties and disturbances.
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FIGURE 8. The experimental tracking control performances of different
control methods when tracking a circle. The blue and red lines represent
the result of LQR design and OFLC design respectively. The green lines in
subgraphs (a)-(c) represent the results of iPD, iPD-MFSMC, and
iPD-MFDDC respectively. The subgraph (d) shows the values of Je for
different control methods, where the green line represents the mean
value of three model-free approaches.

Figure 8 shows the experimental output of the first sce-
nario. We can see that the control performance of the OFLC
design is better than the LQR design. Compared to the model-
based control approaches (i.e., red and blue lines in each
subgraph), the model-free control method (i.e., green lines in
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FIGURE 9. The statistical values of the average integral absolute errors
for different control methods when tracking a circle.
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FIGURE 10. The experimental tracking control performances of different
control methods when tracking a square. The blue and red lines represent
the result of LQR design and OFLC design respectively. The green lines in
subgraphs (a)-(c) represent the results of iPD, iPD-MFSMC and
iPD-MFDDC respectively. The subgraph (d) shows the values of Je for
different control methods, where the green line represents the mean
value of three model-free approaches.
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FIGURE 11. The statistical values of the average integral absolute errors
fordifferent control methods when tracking a square.

each subgraph) has better control performance because they
are closer to the desired trajectory.

The values of (62) for each control method are shown
in Figure 8(d). Since there are similar outputs of the three
model-free methods, we calculate their average (green line
in Figure 8(d)) and compare it with the model-based method.
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FIGURE 12. The experimental pitch motion tracking error of different
control methods when tracking a complex harmonic signal. The blue and
red lines represent the result of LQR design and OFLC design respectively.
The green lines in subgraphs (a)-(c) represent the results of iPD,
iPD-MFSMC, and iPD-MFDDC respectively. The subgraph (d) shows the
values of Je for different control methods, where the green line
represents the mean value of three model-free approaches.
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FIGURE 13. The experimental yaw motion tracking error of different
control methods when tracking a complex harmonic signal. The blue and
red lines represent the result of LQR and OFLC respectively. The green
lines in subgraphs (a)-(c) represent the results of iPD, iPD-MFSMC, and
iPD-MFDDC respectively. The subgraph (d) shows the values of Je for
different control methods, where the green line represents the mean
value of three model-free approaches.

This graph quantitatively shows that the model-free method is
superior to the model-based method. To investigate which of
the three model-free control methods works best, we calcu-
late the average integral absolute error of each method and
present them in Figure 9. It proves again that the control
performance is significantly improved with three model-free
controls compared to LQR and OFLC. Besides, the con-
trol performance slightly improves with iPD-MFSMC and
iPD-MFDDC compared to iPD. According to the quantitative
calculation, the control effect of iPD-MFSMC is increased
by 5.41% compared with iPD. However, the control effect of
iPD-MFDDC is 9.48% higher than that of iPD. Figure 10
shows the experimental output results of the second sce-
nario. Similar results of the first scenario can be found in
this scenario. Figure 10(a)-(c) qualitatively show that the
model-free control has better control performance than the
model-based control. Also, Figure 10(d) quantitatively shows
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FIGURE 14. The statistical values of the average integral absolute errors
for different control methods when tracking a set of harmonic signals.

that model-free control is superior to model-based control.
Figure 11 shows the statistical results of the average integral
absolute error for each control method. We can see that
the model-free control performance improves significantly
compared to the model-based. It shows that iPD-MFSMC and
iPD-MFDDC are about 4.93% and 5.27% higher than iPD
respectively.

Figures 12 and 13 show the experimental outputs of
the third scenario. Subfigures (a)-(c) qualitatively indicate
that the model-free control has smaller tracking errors than
model-based. Subfigure (d) quantitatively shows that model-
free control is superior to the model-based control. Figure 14
shows the statistical results of the average integral absolute
error for each control method. We can also see that the per-
formance of iPD-MFSMC and iPD-MFDDC are about 5.58%
and 9.68% higher than that of iPD respectively.

VI. CONCLUSION

This paper investigates two model-free compensators,
the MFSMC and the MFDDC. They are used to compensate
for a nominal iPD controller. The compensated nonlinear
controller is a dual-loop robust model-free controller with
iPD as the inner loop and the compensator as the outer
loop. The proposed dual-loop model-free control algorithms
are validated by simulations and experiments on a nonlinear
laboratory helicopter setup. The cross-comparisons between
two robust model-free control methods and two model-based
control methods show that: 1) the tracking performance of
the dual-loop robust model-free control approaches are supe-
rior to that of the model-based method, 2) with a compen-
sator (MFSMC or MFDDC) embedded in the inner loop
controller, its tracking performances are improved signif-
icantly, and 3) the compensator MFDDC performs better
than the compensator MFSMC slightly. The results in this
paper indicate that the proposed dual-loop robust model-
free control approaches are quite promising in dealing with
the control tasks for the systems with unmodeled dynamics
and uncertainties, even with unknown dynamical models.
This is a very favorable property to potential practical
applications.
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