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Abstract: This paper focuses on the motion control problem for a quadrotor with a slung load
(QSL). A dynamic model of a QSL is proposed by Lagrangian approach. We considered the air
resistance of the load in the model building. Based on such a dynamical model, we propose a
novel nonlinear three-loop cascade controller to realize velocity control for the load of a QSL,
and the exponential stability of the whole system is proved. Numerical simulations implemented
in a Matlab/SimMechanics environment demonstrate the effectiveness of the designed controller

and the proposed model.
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Transporting a load by an unmanned aerial vehicles
(UAVs), especially by quadrotors, have been proven useful
in many scenarios, such as food delivery, transporting
instruments, and manipulate objects for construction, see
Choi and Ahn (2015), and Wu et al. (2018b). For the
aforementioned cases, one possibility is connecting the load
with the quadrotor by a cable. A quadrotor with a slung
load (QSL) has been applied for the many advantages,
such as weight reduction, loading and unloading the load
without landing, and no additional inertia that would
reduce the agility of the vehicle Palunko et al. (2012),
Sreenath et al. (2013), and Goodarzi et al. (2015). How-
ever, in some potential scenarios like Medical supplies and
food delivery, the QSL is required to realize stable and
accurate transportation, and it’s challenging to design a
high-performance controller for this system. On the base
of quadrotor which is underactuated, the cable and the
load form an additional uncontrolled pendulum system,
see Qian and Liu (2019). Thus, the system is strongly
coupled, nonlinear, and underactuated, and designing a
high-performance controller for this system is challenging.

Because of the wide range of applications and challenges
of the QSL, some related researches have recently been
carried out, in which various control methods are applied
to control the QSL. Guerrero et al. (2015b) proposed
passivity based control methods to control a QSL, whose
aim is to perform path tracking of the quadrotor with loads
swing-free. A dynamic programming method by Palunko
et al. (2012), and a nonlinear controller by Raffo and
de Almeida (2016) have been developed to control the
motion of the mass-point load, in which the motion of the
load and the quadrotor are measured by camera sensors.

Compared with these works, more practical factors are
considered in this paper. In scenarios as fragile instrument
transportation, we must consider the velocity of the load
to avoid strong shaking in the transportation process.
However, if the control law design does not depend on the
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dynamic of the load as in Guerrero et al. (2015a), strong
shaking or collisions may happen in the transportation
process. Therefore, a new cascade controller is proposed
to control the velocity of the load of a QSL. Furthermore,
the exponential stability proof for the entire system is
given. Secondly, concerning the problem where the size and
weight of the load are usually comparable to the quadrotor,
we take the air resistance of the load into account, rather
than model the load as a point mass, see Guerrero et al.
(2015a), Palunko et al. (2012), and Sreenath et al. (2013).

The main contributions of this paper include: (I) A new
model that considers the air resistance of the load is
proposed by Lagrangian approach. (II) A novel nonlinear
cascade controller is proposed to realize accurate and
stable motion control for the load of a QSL, and the
exponential stability of the system is proved.

The rest of this paper is organized as follows: In Section II,
the dynamical model of a QSL is deduced by Lagrangian
approach. In Section III, a nonlinear cascade controller,
which consists of three sub-controllers, is proposed. In
Section IV, Simulations have been carried out in a Sim-
Mechanics environment to evaluate the performance of the
controller. Finally, conclusions are given in Section V.

1. DYNAMICAL MODEL OF A QSL

In this section, the dynamical model of a QSL is derived
by Lagrangian approach with the following assumptions:
(a) the quadrotor is cross-shaped;

(b) the center of mass of the quadrotor coincides with its
body-fixed frame, see Palunko et al. (2012);

(¢) the load is fixed on a weightless rigid cable installed
on the quadrotor’s center by an undamped joint with only
2-dof, and there is no rotational motion around the cable
on the payload;

(d) the rotational inertia of the load is relatively small and
can be neglected in this work;

(e) QSL works under ideal conditions, where there is no
wind disturbance on the QSL.
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Fig. 1. The structure of QSL.

Fig. 1 shows the structure of a QSL, and two refer-
ence frames: the inertial frame Z{X;,Y;, Z;} fixed to
the ground, the body frame expressed by B{Xy, Vs, Zs}.
Base on the two reference frames, the variables used are
described as follows: the generalized coordinates g =
€T 0T oT]T € R® where & = [z y z]T € R® are the
coordinates of the mass center of the quadrotor in inertial
frame Z, n = [¢ 0 ¢¥]T € R? are the attitudes of the

quadrotor, & = [a B]T € R? are the swing angles of the
load in the Euler coordinate system, with the roll angle
o and the pitch angle 8. § = [z, yp 2] € R? are the
coordinates of the mass center of the load in inertial frame
Z. The boundary of the attitude angles of the load and the
quadrotor are limited,

0,0,c, 8 € (—7/2,7/2),% € (—7, 7). (1)

For convenience, we use s and ¢ to replace sin and cos,
0,.x» and F,, to stand for m x n dimensional null matrix
and n-dimensional identity matrix, respectively.

1.1 Lagrangian of a QSL

According to Wu et al. (2018b), the Lagrangian function
of the QSL is rewritten in terms of the generalized coordi-
nates q,

L(a.4) = 50" M(g)q — V() @)

where the potential energy V(q) of the whole QSL is
expressed as

V(g) = mggz + mpgzp, (3)
with the quadrotor’s mass my, the load’s mass m,, the
gravity acceleration g. Furthermore, the generalized inertia
matrix M (q) is given by

(mg +my)E3 03x3 M;]

M(q)= (4)

3x3 Jg 0342
M 02x3 M,

T . .
where J, = ngq Ingq, ngq € R3*3 is the transformation

matrix from Euler angular velocity to angular velocity in
the body frame, see Arnol’d (2013),

— di _ [m71m72 mrs
M, = diag(m77,mss), M2 = {m& 0 mgg} ;

mr = mplsasfB, mgr = —myplcach, mr = mylca,
2
mry3 = mplsacf, mgs = mpleasf, mrr = mpl® + Ipsq,

meg = mplzc2oz + Ipyyc2a + Ipzzs2oz.
1.2 Model Derivation for a QSL

The dynamical model of a QSL is described by the
Lagrange — Euler formulation in Arnol’d (2013),

d 9L(g,4) 9L(q,q)
dt  0q dq

=Fy,. (5)

Define general momentum as follows:
p=I[pc+ps)" p, pyl' £9L(q,4)/04, (6)
where
Pe = mqéa Ps = mpav Pn = Jqﬁv Po = Mo + M>§.

From (2), the Lagrange — Euler formulation (5) can be
expressed as

p—0(q" M(q)q) /029 + 0V (q)/0q = F,.  (7)
For (2) and (4), the terms of (7) are given in detail,
0(¢"M(q)g) /02q=[01xs AT B]" . (8)

Furthermore, recalling (3), the derivative of V(q) with
respect to generalized coordinates q is

8V(Q)/aq:[Fqg+Fpg 01x3 Vdcr]Ta (9)

The external generalized force F, in (7) is partitioned by
the generalized active force F, and the generalized drag
force Fy,

F,=F,+ F,. (10)
Here, the generalized active force F, is given by

F, = G(q)uu
where w = [F} 7,7]" is the control input of system, which

n
is produced by the thrusts of the rotors, and G € R8*4
is the transfer matrix from the control input w to the
generalized active force Fj,.

R 03x3
The transfer matrix G is given by G(q) = {03x1 Ej3 } ,
02x1 02x3
where R = R{[0 0 1] is the projection in the inertial
frame Z of the unit vector on the axes Z;, of the body
frame B, with the rotation matrix R} € R**3 from the
body frame B to the inertial frame Z, see Arnol’d (2013).
In the control input w=[F; 7,/]", F} is the rotors’ total
thrust, 7, = [r, 79 Ty]" is the torque produced by the
imbalance of the rotors’ thrust. Then, according to Wu
et al. (2018a), the control distribution from the four rotors
is given as follows,

T3] (T A w?

To | _ 0 cly 0 —cilp| Wi (11)
T —cil, 0 ¢l O w? |’

T —Cq Cq —Cq Cq w?

where [,. is the distance from the spin axes of the rotors
to the center of gravity of the quradrotor, w; (i =1 ~ 4)
is the angular velocity of the rotor i, c;w? and c,w? is the
thrust and the anti-torque of rotor ¢, respectively, and the
thrust factors ¢; and ¢, are positive constant, see Davis
and Pounds (2017). Then, the generalized active force F,
is rewritten as

F,=[R'F, 7, 01,]". (12)
The generalized drag force Fy in (10) is linearized to the
general velocities, see Wu et al. (2018b), and given by

Fy=[~(Def +Dsd)" — (D) 771", (13)
where D¢ = diag(Dgy, D¢y, De) is the quadrotor’s trans-
lational drag coeflicient matrix, Ds = diag(Dsy, Dsy, D)

denotes the load’s translational drag coefficient matrix,
D,, = diag(Dy, Dy, D) denotes the quadrotor’s rotation-

al drag torque coefficient matrix. Notice 7o = [1, 73] is
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the generalized drag torque produced by air resistance and
can be calculated as

To — —Egg(l X R, pD(;(S) (14)
098] t=[00 —07, and R is the
rotational matrix from 7 to the load’s body frame B,
according to Arnol’d (2013).

where Fo3 =

The first three rows of (7) are the transitional dynamics
in the inertial frame Z and can be expanded by the first
three elements of the forementioned terms (6), (9), (12),
and (13),

Pe + Ps + Fyy + Fpy = RF} — D¢€ — D5

According to Newton’s second law, the tensile force of the
cable on the load is calculated as

F, = RF} — pg — D = Fyy.
Hence, the first three rows of (7) become
ps = F, — Dsb — F,,. (15)
Noting the second three elements of the terms (6), (8),
(12), and (13), the middle three rows of (7) are given by
Dyny. (16)

The last two rows of (7) are the rotational dynamics of the
swing angles o of the load and are calculated by the last
two elements of the terms (6), (8), (9), and (13).

M10'+M2£+ Mld"i‘Mgé —B+ Sdo- = To-

Define C = —M,6 — M€ + B. Then, the last two rows
of (7) are rewritten as

M6 = — M€ — Syo + C + 15.

Pn—A=T1,—

(17)

Combining (15), (16) and (17), the dynamic model of the
QSL is given as follows:

ps =F, — D5b — F,,, (18a)
Py =Ty + A — Dy, (18b)
M6 = — Myl — Sio + C + 74 (18c¢)

2. DESIGN OF THE NONLINEAR CONTROLLER

In this section, we will design a nonlinear cascade con-
troller for a QSL, which can realize the active velocity
control for a load of a QSL and consists of three loops:
an inner-loop attitude sub-controller for the quadrotor, a
middle-loop swing angle sub-controller for the load, and
the outer-loop velocity sub-controller for the load. The
main objective of the controller is to guarantee that the

velocity & of the load can track the desired velocity ba.
The schematic of the controller is shown in Fig. 2

2.1 Tracking Errors

A specific errors model will be introduced for the following
controller design and stability analysis. The tracking errors

for 8, o, 7 and the corresponding 5, Po, Pn Will be given.

Define

€n,py, = le 7T; ;]Tv (19)
where e, = ng—n, ep, = 14—1+ Kyey,, with the desired
attitude 7nq, the desired Euler angular velocity 74, and is
positive definite matrix K, = diag(ki, k2, k3). Then we
can obtain the following attitude error dynamic,

én = ep, —Kney, ép, = tja—Tj+Ky(ep, —Kney). (20)

Define e [eT e ]T (21)
OsPo Po ’
where e, = [eq €5]" = 04 — 0, ep, = 04— 6 + Kse,,

with the desired swing angle o , the desired swing velocity
64, and positive definite matrix K, = diag(kr, ks). The
attitude error dynamic is obtained as follows,

és=ep, —Kpeo, ép, =6,—6+ Ky(ep, —Koey). (22)

Define . .. e
—5, eS:észéd—é, (23)

where 5,1 is the desired velocity of the load and 5,1 is the
corresponding desired acceleration of the load.

68:611

2.2 Cascade Nonlinear Controller

For the subsystems (18b), the inner-loop attitude sub-
controller, as illustrated in the inner-loop part of the Fig.
(2), is used to control the quadrotor’s attitude m and
stabilize it to avoid strong shaking or crashing, which is
realized by the torque 7, produced by the imbalance of
the thrust of rotors. The torque 7, is chosen as

Tn= Jq(e,,—I—K,,epn—Kf,e,,—i—Kpn €p, )—f—jqﬁ—A—i—D,,ﬁ, (24)

where K, = diag(ky, k5, k¢) are positive definite.
Considering the subsystems (18c), the middle-loop swing
angle sub-controller, as illustrated in the middle-loop part
of the Fig. (2), is applied to control the swing angle o of
the load and the tensile force F; , and includes two parts:
a swing angle controller and a decoupler. In the middle-
loop sub-controller, for a desired swing angle o4, the swing
angular acceleration & is chosen as

= (E2 - Kg')eo' + (Ko' + K, a)epa7
where, K, = diag(ko, k19) are positive definite.

(25)

In the decoupler, we will decouple the Fj, ¢4 and 64 from
Fyq and &,. As the inextensibility of the rigid cable, the
quadrotor and the load have the same translational accel-
eration along the direction of the cable. Thus, combining
(18c), we can get the the following equations,
Fiq =[0 0 1R [€; + (D5 + F,y)/my,),  (26a)
M6, =— M€y — Sio + C + 7. (26b)
From (26), we can solve for é'd by Fiq and &,. The desired

lift force is expressed by Fj4 in the inertial frame, which is
coupled with the desired translational acceleration of the

load Ed- The quadrotor is driven by the lift force Fj, the
tensile force —R?p T [00 F]", the gravity force F,,, and
the drag force Dgé . Thus,

Fu=me€s+RPT[00 F4)' + F,y + D¢E. (27)

The total thrust F; of the rotors and the desired swing
angles ¢4, 04 is obtained by decoupling the desired lift
force Fjq, the transformation is given by

s 0 chy 0864371 O 0 0
[szp cy } [ 010 ] [Oc¢d—s¢d] [0] = Fj,. (28)
—36d0c0d Osqbd C¢d Fl

Solving (28),

04 =arctan ((Figacy + Fiyasy)/Fiza) (29a)
¢a = — arctan ((—Fizqas¢ + Fiyac)clq/Fizq),  (29b)
Fl :Flzd/(c¢dced)- (296)

For subsystems (18a), the outer-loop controller, as illus-
trated in the Fig. (2), is applied to guarantee the load’s

velocity § can follow the desired velocity Sd, which is
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Fig. 2. The schematic of the nonlinear controller for QSL

realized by the desired tensile force Fiq = [Fizq Fiya Fi.q)"
on the cable. Like (29), The magnitude of the desired
tensile force Fj; and the desired swing angles ag and Sy
are given by

Fig = thd/(cadced), (30&)
Ba = arctan(Fipa/Fizd), (30b)
ag = —arctan(Fiya/(FizacB4)), (30c)
where .
Ftd :Kses‘FFpg"'D&év (31)

with positive definite matrixes Kz = diag(ki1, k12, k13)
and K5 = diag(kM, k15, klg).

2.8 Stability Analysis of the Entire Cascade Controller

In this subsection, we construct a special Lyapunov candi-
date to prove the exponential stability of the entire system.

Theorem 1. For the dynamical model of the QSL defined
in (18), with a fixed desired reference velocity d4 with

84 = 0. If the entire cascade controller (24), (25) and (28)
has been applied to control the QSL, the zero equilibrium
of the errors ey, €5,p, and ey, are exponentially stable.

Proof. The Lyapunov candidate Vi(ey,€q,p,;€n,p,) is
defined to check the stability of the entire designed con-
troller,

Vi(ess €o,py s €n,pn )= aV (es) +bVo(€o,p, ) 1/ Vi (en,pn ),

(32)
where Vs(es)lz %Heénzv Va(ev,pa) = %”60'7170”27
Vn(en’pn) = 5”677,?77”25

b < Ap/L2, a < 4bmiXsho/L7, (33)
with Ay, A\s and Ao is defined in (42).
The time derivative of V; in (32) is
. OV; oV, v,
—a—29%¢é:(e: b—2—é, o & n
‘/t a86565(657eFt)+ aeo’,pa.e apa(e 71’076 )+2 Vn
Vs . oVs .. .
:a8—e(§e‘§(es’ 0)+ a8—65[e‘§(e‘§’ er,) — éz(es,0)]
Ve . Vo .
+b eo’,pa eo'vpcr (60'71707 O) + baea',pc, [eO',Pa (eO',Pav ea’)

_éo'apcr (60',1),7 0)] + e;]r,pn én,Pn/(ﬁ”en,Pn ||) (34)

Noting (18a), and 8, = 0, the time derivative of es is

ész—mgl(Ft—Déé_Fpg)- (35)

Define

er, = Fiq — F}, (36)

then, (35) becomes é; = —m;l(Ftd —ept — Dsb — F,,).
By (31), this equation becomes

é5(65 ,ept):mgl(ept—K565). (37)
As &4 is constant, &4 = 0. Noticing é4, €s.p, = [eg €} |7

. o o ep, — Koeo
in (21) is égp, = |:_&+K0'(epa. —Kaea)] . Define
es = &, — &, where &, is given in (25). Substituting es
into é4,p,, we obtain

. e, —Kg e

eo’,pa (eo'ypa’ eb.') = |:eb~_ _pgo_ — I%p:’epa :| . (38)

Since the desired angular velocity 74 is constant, its
derivative 74 = 0. Considering €, and é,, in (20),
. . . _ T T T . .
the time derivative of enp, = [e, ey | in (19) is
& _ . ep, — Kney
P —i + Ky(ep, — Kneq
into former equation and choosing the desired torque 7,
ep, — Kyey ] _

—€n — RKp,€p,

)] . Substituting (18b)

in (24), we get é,,p, = [

Substituting (37), (38), and above equation into (34) yields
V, = am;lesKses—i—am;l||es||(é5(es, er,) — é;(e;,0))
+ bel(epa —K,e,) — be; (ee + Kp,ep,)
+ 00Vy/0€s p, [€o,p, (€5.p,:€5) — €o,p, (€5,p,,0)]
- (eZKnen + 6;,7Kpnepn)/(\/§||en,pn - (39)

According to (37), éz is Lipschitz with respect to ep,.
For (30), ep, in (36) can be expressed as er,(eq,€er,),
where er, = 0 as F; can always track Fy4, so er, (s, €r,)
is rewritten as ep,(es). It is easy to prove that er,(es)
is Lipschitz with respect to e,. Thus, és(e;, er,(es)) is
Lipschitz with respect to e, and we have
1€5(es:er(eq)) — é5(es,er, (0))[| < Luflesl,  (40)
where L; is a Lipschitz constant. Noticing (38), ésp,
is Lipschitz with respect to ez. According to (26), (27),
and (28), for every bounded Fi4, es can be expressed as
es(eq,eg). It is easy to prove that ez (eg,eq) is Lipschitz
with respect to [e4,eq] . Then, és.p, (€o,p,,€s(h, e0))
is Lipschitz with respect to [es,eg]". Considering the

definition of V5 in (32) and the boundary of o in (1).
Furthermore, V, is continuous differentiable, which means
it is bounded. Thus,

Ve .. .
b [€o,p, (€0,p, s €5(€p;€0)) — €o,p, (€o,p,€5(0))]
eo'7pc7
<Ls||[eg, eq]; (41)

where L, is a positive constant.
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Substituting inequalities (40) and (41) into (39), we have
; -1
P

—belKaeq + €], Kp,ep,) +bLall[e ol
~ (e Knen + ey, Kp,ep,)/(V2]enp, ).
< —ahgllegl” +amy,  Lileglllleq || — bAsleo,p, |12
+bLa|[es el — Anllen,p, |, (42)
where A, = min (Amin(Kn), Amin(Kp,)) /V2, Ae =
min (Amin (Ko ), Amin(Kp,)); As=Amin(Kz)/m, ', where

Amin(+) denotes the minimum eigenvalue of a matrix.

According to the definitions (19), (19), (21), and (21),
lea|l < llep, || and [lleg e[| < [[€n,p, || Then,

Vi =—am,'esKse; +am, ' Li|les| | eq||

Vi < —akgllegll” + amy,  Lilleg|l]les|| — bAs|leo,p, |1
+bLal|[eg eq]l| — )‘n”en,pn”
\/ELl

__[ allesl/V3 } N oy [ allesl/ V3 ]
b||60',pg|\/\/5 _\/aLl 2/\0_ bHetJ'.,pL-,ll/\/5
bm,,

+(bL2 — An)llen,p, |- (43)
Noticing the upper bound of b in (33), the upper bound of
the second term on the right hand of (43) is

(b2~ ) lenp, | < 0.
oo | —(aL/(Vom,)
petning @ = _ 254 )~

Noticing the upper bound of a in (33), Q is positive
definite, then

_[ allesll/V2 ]T [ allesll/V2 }
bl eopo|/V2 blleop.|/V2
< Ain(@Q)(allesl2/2 + bllew . [22) < 0. (44)

Therefore, V; is negative definite. Substituting (44) into
(43), we have

Vi < = Anin(Q)(alleg]|?/2 + bl ea p, |1°/2)
+ (bLa = Ag)len,p, -

Recalling (32), Let A = min (Anin(Q)/V?2, Ay — bL2),
then, the time derivative of Lyapunov candidate V; is
bounded by

(45)

. a b V2
Vi< —=A <§||("$||2 + §||ea,pg|\2 + 7”6",?77”) = —AVL

Consequently, the zero equilibrium of the errors e, €q,p,,
and ey p, are exponentially stable.

3. SIMULATION

In this section, simulations are carried out to show the
feasibility and effectiveness of the proposed controller and
model in the SimMechianics environment.

3.1 QSL Parameters

The model parameters are listed in Table 1. The drag
coefficients, including drag force coefficients D¢, Ds and
drag torque coefficients I,,, are taken into consideration
and obtained by the method in Modirrousta and Khod-
abandeh (2015). The values of the drag coefficients are

Table 1. Physical Parameters

Value Unit Value Unit

g 9.807 m/s? Tqez | 12.71 X 1073 kg - m?
My 1.331 kg Iqyy [12.71 x 1073 kg - m?
mp 0.063 kg Igzz | 237 x 1072 kg-m?
lr 0.225 m Ipza | 3.4%x 1075 kg-m?
l 0.505 m Ipyy | 34x107°  kg-m?
ct [1.6 x107% N/(rad/s)? | Ipz. | 6.7x107% kg -m?
cg | 5x10°7 N/(rad/s)?

Dyw =Dgy =Dy, =02, Dpp = Dypy = D,,, =0.08, Dy =

o = Dy = 0.1. The values of the control parameters are
k1=ky=0.2, k3=ky=Fk5=0.1, k¢ =0.005, ky =kg=Fkg=
k10:6, kll :k1220.5, k13:3, pm:5, p0:40.

3.2 SIL Simulation Results

In this subsection, two simulation cases are given. The first
one is about the middle-loop swing angle sub-controller for
the load; the second one is about the outer-loop velocity
sub-controller for the load. For comparison, we simulate
the other PID controllers in the first two cases to verify the
effectiveness of the proposed nonlinear cascade controller.
The parameters of the PID controllers are obtained by
Wang et al. (2000) to reduce the accumulative errors in
the simulations.

In the first simulation case, as shown in Fig. 3, the load
tracks the desired swing angles aq and 8,4 from [0 0] " (deg).
It is find that the settling time of designed middle-loop
sub-controller is shorter than PID controller.

—
151 F—~——
% 10} — 1 — Desired
S —Designed
F 0 | | —PID
0 1 2 () 3 4 5
16 16
15 i 15
14 / 14 f_/
13 13
1 15 2 25 T 3 35 4
—~
% :1]8 [ |—Desired I
[ |—Designed
= 5t —pp ;
NagNi] . . ]
0 1 2 t(s) 3 4 5

Fig. 3. Simulation results of middle-loop swing angle
control for the load.

The second case simulates that the load of the QSL
tracks the desired velocities, as shown in Fig. 4. The
settling time of the proposed controller is much less than
the PID controller. Due to the coupling disturbance, the
performance of both controller step inputs inevitably slides
down. However, the performance of the designed controller
is much better than the PID controller, especially at 3s,
5s, and 8s.

Moreover, in order to make quantitative comparisons of
the simulation results obtained by the designed nonlinear
controllers and PID controllers, some performance indexes
for the first step response of those simulations are comput-
ed and presented in Table 2.

An additional simulation case is given, the proposed
controller, combined with a normal PID position sub-
controller, is implemented and tested in a complete simu-
lation task. A three-dimensional simulation is presented
in Fig. 5, and an animation is accompanied: https://
youtu.be/4T-DOrYhc8I. The results shows that the QSL
can realize accurate trajectory tracking by the proposed
nonlinear cascade controller.
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Fig. 4. Simulation results of outer-loop velocity control.

Table 2. Comparison of simulation results be-
tween designed controller and PID controller

Rise Max Settling | Rise Max Settling
time(s) overshoot time(s) |time(s) overshoot time(s)
Designed PID
«a 2.1 3.04% 0.36 0.24 3.62% 1.1
Ié] 2.1 3.1% 0.37 0.24 3.63% 1.12
Zp| 0.85 6.5% 2.2 0.79 5.6% 3.58
Up | 0.86 6.4% 2.18 0.77 1% 3.57
Zp | 1.6 3.47% 0.22 0.16 4.1% 0.23
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Fig. 5. Simulation results of trajectory tracking.

To sum up, good results were obtained from our simula-
tions, which implies that the designed controller can realize
active velocity control for the load and has better control
performance compared to the existing PID controller.

4. CONCLUSIONS

In this paper, a new dynamical model that considers
the air resistance is proposed by Lagrangian approach.
Based on the model, a novel nonlinear cascade controller
is proposed to realize accurate and stable velocity control
for the load of the QSL, and the exponential stability of
the entire system is proved. Simulations in SimMechianics
demonstrate the validity and performance of the dynami-
cal model and the control design.
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