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Abstract— The minimum time swing up of a rotary inverted Different control algorithms have been proposed for swing

pendulum is considered. For our rotary inverted pendulum, up control [5], [6], [7], [8], [9], [10]. Most of the methods
a DC motor rotates a siiff arm at one end in the horizontal  gegit with the simplified second order model of the rotary
plane. The opposite end of the arm is instrumented with a inverted pendulum. The rotation of the arm was not taken
joint whose axis is along the radial direction of the motor. | p . . - o
A pendulum is suspended at the joint. The task is to design a into full consideration, nor the disturbance of friction as
controller that swings up the pendulum and maintains it upright  in the partial feedback linearization approach [5], [6]] [7
and maintains the arm position. From practical tuning point of  where the trajectory of the pendulum is actually pre-spetifi
view, a PID controller plus an impulse controller is proposél  apother technique, namely energy based control [8], [9],
for the swing up control. An iterative tuning of the impulsive [10], neglects the reaction torques from the pendulum to
control actions is applied to achieve the minimum-time swig- ’ 9 q p .
up. To make the overall control strategy more robust, a new the arm, so that the energy control method can be studied
mode switching control method is also proposed. Compared to without considering the position and the velocity of the arm
the existing dual mode nonlinear controller provided by the |n [8], the stability property of the energy based control
manufacturer, the swing up time is significantly reduced as g gnalyzed. Recently, a fourth order model of the Furuta
demonstrated by extensive experimental results. . 2! . .

. . system is presented in [4], where a speed-gradient algorith

Index Terms— Rotary inverted pendulum; swing up control;  js used for swing up for the order 4 nonlinear system where
PID control; |mpulsn1e control; energy based mode control;  the arm momentum is considered. For non-linear swing up
minimum-time control. process, neural network and fuzzy logic algorithms were

tried in [11], [12], [13] while in [14], [15], under-actuate
|. INTRODUCTION pendulum _control rr_1eth0d was investi_gated by using dynamic
) ) _ programming or reinforcement learning method.

Inverted pendulum has been widely used in both linear and gjnce the Furuta pendulum has practical implications for
nonlinear control education with applications to otheremd 4, sry applications, it is desirable to develop contigba
actuated mechanical systems, involving nonlinear dynsmiGiims that can deal with the model uncertainty and mea-
robotics and aerospace vehicles testing [1], [2], [3]. I8 th 5;rement noise with simple controller structure. Therefor

paper, a rotary type inverted pendulum, also known as th his paper, we seek to apply PID controller for swing up
Furuta pendulum, is conS|d_ered. The obJectN(_a is to SWingontrol. To achieve minimum time swing up, we propose to
up the pendulum and make it stable at the “upright” positionyq 4 impulsive or pulse-step feedforward controller Whic
with two different but appealing control problems. The firStg 1 pe tuned through several iterative tuning experiments
is to balance and stabilize the pendulum at its uprighyring our experiments, we also applied a new simple and
position. The popular method is to linearize along the @esir )<t mode switch control.

equilibrium point and apply the linear quadratic regulator e remaining part of this paper is organized as follows. In
(LQR) or pole placement technique [4]. The second iS t@ec || the mathematical model of the Furuta system is pre-

swing up the pendulum from its hanging position 10 th&ented. The PID algorithm for swing up process is described
upright position WhICh is a more challenging control prable ;n sec. 111 Sec. IV is devoted to the proposed pulse-step
due to its nonlinear under-actuated mechanical nature. Ibnio method with details on how the control signal can
practical factors such as the actuator saturation and @ onstructed. For completeness, the mode control and the
component friction are taken into account, the swing UBgjance control are discussed together in Sec. V. Expetimen
control problem will be more complicated. To make th&gqits are presented in Sec. VI. Finally, Sec. VIl conctude

control process globally stable, mode switching betweefyis haper with some remarks on further investigations.
these two controllers, i.e., the swing up controller and the

upright position regulator, should be carefully considere
Il. MODEL OF THEFURUTA PENDULUM

Corresponding author: Dr YangQuan Chen. E-mail: A, A Description of the Furuta System
ygqchen@ce. usu. edu; Tel. 01-435-7970148; Fax: 01-435-7973054.

URL: http: // wwv. csoi s. usu. edu/ peopl e/ yqchen. The Furuta pendulum system consists of a rotary servo
This = work ~was demonstrated during =~ theFirst Inter-  motor system which drives an independent output gear [16].

national Summer School of Iterative Learning  Control .

(ht t p: / / ww. csoi s. usu. edu/i | ¢/ sumer school 03). The The rotary penc_iulum arm is mounte_d to the output gear and

movie clips before and after applying the impulse step abstheme for the  the pendulum is attached to the hinge. Clearly, this is an

swing up process are viewable frofrt t p: // waw. csoi s. usu. edu/ — ynder-actuated mechanical system. A schematic representa

peopL e e m o/ |LCL il =l VS bel L 9., ™ tion of the system is shown in Fig. 1 [16] whesalenotes the
I LC.i npul si ve_after. npg. angle of the pendulum to the upright position ahdenotes
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the angle of the rotor arm. The control purpose is to desigendulum is under balancing control and receives some dis-
a controller that starts with the pendulum in the “downurbance, it may need to switch back to swing up controller.
hanging position, swings it up and maintains it upright. A good mode switching controller can switch the controller
between these two controllers smoothly and make the whole
control process globally robust. A robust energy-basedanod
switching controller is presented in Sec. V.

Now we start to derive the PID control law for our Furuta
system. Here a positive feedback loop is used to swing up
the pendulum. It actually consists of two loops as shown in
Fig. 2. The outer loop specifies the trajectory for the arm

9, vy T @.6.0.6
Outer-Loop PD A Tnner-Loop PD

A Controller _ Controller
6,6

‘omputed Torqu Plant

Fig. 2. Swing up using positive feedback PID controller alon

(8) An illustrative ~configuration (b) Laboratory Setup (down hanging angles and at the same time excites the internal dynamics

(swinging up) position) to swing pendulum to the balancing position. By moving
Fig. 1. The Rotary Inverted Pendulum System (Furuta Pengulu the arm back and forth, one can eventually bring up the
pendulum. It is fairly intuitive to design the outer loop as
follows:
04 = Pa + Dé 3)

B. The Dynamic Model

To derive a dynamic system model, the coordinate fram@heredy is the given trajectory of the the arm andis the -
systems shown in Fig. 1 are introduced. With some stafendulum angle deviated from the down hanging position

dard assumptions such as no friction, rigid objects ete, ttvhich is positive in the clockwise direction and negative in
dynamic model are given as follows [16]: the counterclockwise direction. Note thatis limited within

+180° (wrapped around).
. The values of the two parametefs and D play a key
(mpr® + Jy)0 4+ mypré, cos(o) —mpré®Isin(a) =T (1) role in bringing up the pendulum smoothly. To prevent the
pendulum from colliding with the other components, we
mpl, Cos(a)ér —mypl, sin(a)o'zb"r (2) need to limitd within +90°. Initially, P can be chosen as
0.5. To properly choosé®, a compromise should be made
between increasing the reaction time and decreasing tise noi
where T is the input torque from the DC motorn, is amplification. In our systemD is set to be 0.001 (sec.) at
the mass of the pendulund, is the length from the center first. P and D can be tuned to adjust the “positive damping”
of gravity of the pendulum w.r.t. the motor axig; is the in the system and meet the experiment criterions.
moment of inertia of the arm and the gearss the deflection The inner loop performs the position control of the arm.
of the arm from the zero position; is the deflection of the For the servo arm to track the desired position, a feedback
pendulum from the vertical upright position; amdis the PD controller is designed as follows:
length of the arm.

—|—mde§ —mpgl,sin(a) =0

Va=Ky(04—0) + K4f. (4)
I1l. SWING UpP USING A SIMPLE PID PoSITIVE where K, and K, is the parameters to be tuned.
FEEDBACK CONTROLLER The first thing to do is to find out the closed-loop transfer

As stated above, the goal of the Furuta controller is tfinction between the input and the output of the arm angle.

swing up the pendulum from stable “down” position to the™©F the Furuta system, the model of the motor is given by

unstable equilibrium “up” position and be balanced there. V = IR + K K,6, (5)
The overall controller can actually be divided into threetga N ‘
1) the swing up controller, 2) the mode switching controlleVn€re : )
and 3) the balancing controller/regulator. \I/(\(/zlﬁ)')_ \C/:?Jtrfgr?t ?r?rr)rlgtdo:? motor;

Many different control algorithms can be used to perform I? (V/(?e. /sec.): Back EMF cons'tant'
the swing up control. Here, a positive feedback PID corgroll m 9- 7 Gear ratio in motor- ’
is proposed because of its simple structure, effectiveaeds g earbox and extern,al cars
easy tuning. For the balancing control, full-state fee#tbac o(deg.) %Arm anaular position 9
LQR is applied. The mode switching controller determine'§he t(?r'q.ue generated by thg motgr is then given by
when to switch between the two controllers (swing up )
controller and balancing controller). In particular, white T =KpnKqIp, = Js0, (6)
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where J; is the total moment of inertia of the arm, the gearsvhereu andu are the constant amplitudes to be further tuned.

and the pendulum w.r.t. the motor axis. To make the control stable, the pulse step control signal is

By some mathematical manipulations, the closed-loopdded before the inner-loop feedback, as shown in Fig. 3. By

transfer function is obtained as follows: carefully setting the parameters, we can manage to achieve
0 K, + Kgs e the optimal objective [24].

00 Fes? (KK, + Ka)s + K,

So, the closed-loop system has a second-order characterist’ |, ... ceeor
polynomial:

8% + 2Cwos + Wi, (8)

where( can be set to about 0.707 and the natural frequency’
of the control system should be much larger than the natural
frequency of the pendulum. In this way, the closed-loop
response of the arm could be considerably faster than that of
the pendulum and a better compromise between overshddg 3. Swing up using PID and Pulse Control
and transient time can be achieved. To prevent the arm from
moving too much to over-damp the pendulum, a saturation Pulse-step control is important to the minimal-time swing
block is applied between the inner loop and outer loopip, especially for the initial phase of swing up. At the
Again, to limit the motor input voltagé/,,... Within =5  beginning, the amplitude of the pendulum movement is small,
(volt), a saturator block can be added in front of the voltageo is the amplitude of the arm. Then, the energy of the
input to the DC motor. At this point, we remark thatpendulum increases slowly in the beginning. Applying a
based on our experimental experience, it is hard to achiepelse control, that is, an additional torque independent of
the minimum time swing up control by only tuning PID the initial states of the pendulum, the energy accumulating
parameters. More advanced components should be added iptocess will be speeded up and consequently the swing up
the swing up controller. In this paper, we propose to appliime can be reduced.
the impulse or the pulse-step control which is explained in In Sec. VI, we will show show to iteratively tune the pulse
detail in the next section. step parameters to achieve the minimum time swing up via
a number of experiments.

v, T a,0,6,6
Inner-Loop PD

Outer-Loop PD
Controller [—*Computed Torq Plant

Controller

IV. I TERATIVE IMPULSIVE CONTROL

Several different strategies can be combined to swing UR; Ba; ANCE CONTROL AND MODE SWITCH CONTROL
the pendulum. To achieve a minimal time swing up, it follows

from the Pontryagin’s maximum principle that the minimal When the pendulum is almost upright, a state feedback
time strategy for swinging up the pendulum is of bang-bangentroller should be implemented to maintain it upright and
type. The complexity of the minimal-time control strategyreject the possible external disturbance. The state fe&dba
increases with the order of the system. For a second-orde@ntroller is designed using the well known linear quadrati
plant, a simple pulse-step control can be used to give fast sé€égulator based on the linearized plant model. It may also
point changes and sub-optimal results. This impulsiverobnt b€ implemented by pole placement method or other linear
is inspired by the optimal control theory, but also comesnfro control methods.
our observations. That is, by applying a pulse step torque atWhen the pendulum is at the upright position, it is easy to
one end of the pendulum, with the direction of the torqu&eep it up. However, keeping it upright nicely is not enough.
the same as the velocity of the pendulum, it can be expectédis required that the whole control process (swinging up,
to swing up the pendulum more aggressively. balancing, and the mode switching) must be robust. That
Pulse-step control may give good results for the systeii, when any disturbance is applied to the pendulum, the
using simple controllers as illustrated in [17]. The motivacontroller can switch properly between the swing up control
tions of using impulsive control were well explained in [18] and the balance control. The pendulum can swing up, ap-
[19] with some applications demonstrated in [20], [21]. Theroach the upright position and switch to the balance contro
analysis and design methods for impulsive control systenggnoothly. When it is disturbed from the balance state and
can be found in [22], [19], [23]. deviated from the upright position to certain degrees large
Note that, the pulse-step control method proposed in thiban a threshold value, it should switch back to the swing
paper is actually an open loop strategy. To make the cobp control and approach the upright position again. So, it is
trol strategy more robust, a feedback-feedforward strectuimportant to design a proper mode switching control to make
should be considered where the uncertainty in the systelite whole control system robust.
model and the disturbance can be compensated by thelo design a mode control algorithm, one way is to find out

feedback controller. the extent to which the balance control can still take effect
In our experiment, the pulse-step control signal is a stephese can be some constraints on the angles and velocities of
type function of the following form: the pendulum and the arm. These constrains form a window
) with switching parameters obtainable by experiments. Note
0 : 0=0 that mode control is a switching control and should avoids
upp(t) =< @ 6 <0 (9)  bouncing. So, the condition for switching from the swing up
u : 6>0 mode to the balance mode and the condition for switching
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from the balance mode to the swing up mode could be ‘
different.

As stated above, it is not trivial to make a practical control
algorithm in the desirable way. Many parameters need to be
estimated and tuned. Sometimes, the pendulum is disturbed
from the upright position and enters the swinging up control
mode. Under the effect of swing up control, the system may
never satisfy the conditions to enter the balance contralano
again.

There exists other control algorithms, such as dynamic pro-
gramming and reinforcement learning control [14], [15htth
can make the whole control process somewhat robust. But
the dynamic programming may require impractical amount ‘
of computation effort and the reinforcement learning may ’ Tme(ed)
need lots of trials before finding a desirable control lane Th _. o . .

. . . . Fig. 4. Energy variation in a typical swing up process
exploration phrase in the reinforcement learning may damag
the actual hardware setup.

Here, we propose a simple but robust mode control logic . _
to achieve the global stabilization. First, some obseowesti system is computed and compared with= E,,, —¢, where

. ¢ is a small positive value. Whe# is larger thanE,, the
for our experiment setup are presented. control law switches to the balance control. Whgiis lower

« Assume that the system has zero energy at the doWhn 7 the control law switches to the swing up control.
position. W-hlen the pendql_um is approximately at the 4y0id the switch bouncing (oscillation), the value «f
upright position, the velocities and angles of both peny 5ithough important, easy to obtain during the experisien
dulum and the arm are very small. So the kinetic energyy yria|_and-error method. Our experiments proved thag thi

of the system is very small. The energy the system holdgy, e mode control helps achieve good global stabilizatio
is mostly the potential energy. Note that the potential

energy varies little in the balance state.
« During the process of swinging up, the arm movement VI. EXPERIMENTS
only has kine_tic energy variation which is much smallefy o qware platform
compared with the energy of the pendulum. So, the )
into the pendulum. a rotary servo motor system which drives an independent
« When the pendulum is approaching the upright positiorutput gear. The rotary pendulum arm is mounted to the
the arm also approaches a standstill state. That is, tRgtput gear. At the end of the pendulum arm is a hinge. The

kinetic energy of the arm is pumped into the potentiaPendulum attaches to the hinge. Since we need to measure
energy of the pendulum. the states of the system, i.e., the angles and the velooities

Under the effect of the swing up control, when thethe arm and the pendulum, two quadrature encodes are used

pendulum approaches the upright position, the systePM_ith one for the arm and the other for the pendulum. See
energy is always increasing and arrives its local maxfig. 1(b) for a photo of the system setup.
mum in a single period.

« During the swing up process, the system energy go
to local minimal when it falls to the down position.
This is due to the friction and reaction to the motor. For balancing control, with the linearized model of the
Figure 4 shows a typical swing up process from one asystem, the following parameters are used
our experiments. .

« When the pendulum is disturbed from the upright posi- Q = diag([-25,4,0,1])
tion and goes beyond the control domain of the balance
control, it will fall down. Then, the system energy is it =0.05

decreasing because of the electromagnetism effect apg the QR controller design. For the mode switching
friction, as can be seen in Fig. 9. control, the potential energy for the system at the upright
From the above observations, it is clear that there is jgosition is computed agk,, = 0.295 (J). ¢ is set to be
correspondence between the energy level and the orbits for
Hamiltonian systems [24]. It can be clearly concluded that e = 0.01E,, = 0.0295(J).
the energy should be the right criterion for the mode switch-
ing control. Moreover, this energy-based mode switchin
control is simple to implement and can achieve a much bett
robust performance. As stated in Sec. Il, we first use the PID controller to
First, we can calculat&,,,, the energy of the system whenperform the swing up control. The control law is shown in
the pendulum is at its strictly up position. Then in the ollera(3) and (4). For (3),P can be calculated theoretically to be
control process, the energy (kinetic and potential) of the 0.5 and D is set t00.001 (sec.) at the first trial.

® Balanc ng control and mode switching control

gr PID controller for swing up
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Fig. 5. Swing up process for the PID controller alone

Swing up time(

To set the parameters in the control law (4), substituting
(5), (6) and (7) into (4) gives the system characteristic
polynomial as follows:

f(s) = s> + (14.5897 + 27.174K 4)s + 27.174K,,, (10)

L L L L L L L L L
0 002 004 006 008 0.1 012 014 016 018 0.2

In (7), the damping ratio is set a5 = 0.707 and the ead zone
natural frequencyw, of the inner loop control is set to ' _ _
be 6w,. w, = 6.46 (rad./sec.) is the natural frequencyFid- 7. Deadzone size. versus the swing up time at = 24 (deg.)

of the pendulum for small oscillations. Finally, the initia
parameters in (4) are given by, = 1.045V/° and Ky =
—0.0273(V/°/sec.). Using the Matlab/Simulink RTW (Real-  For our experiments, we start with = 15° and increase
Time Workshop) platform, the PID controller mentionedit incrementally. Figure 6 shows the curve of theversus
above can be implemented on our experiment setup. First, Wee achieved swing up time.
want to achieve the minimum time swing up under the PID ; a1 be seen that the optimal swing up time is 2.794
controller alone. To make the swing up faster and smooth&le 4tz — 24°. which is about one third of the swing up
we further tuned the PID parameters. The output of the outefr o achieved [:)y the PID controller alone.
loop controller is trunca’ge_d 0 V\."th”%o to make the swing To further explore the possibility of reducing the swing
;Jhpe rgﬁ;?git?glzuﬁgezﬁ;giin{:ef dtjl:lrjlridr;%rze(()]ﬁi,cil(; tg\?tth ap time, we first observe that there exists some interfesence
: ' Wwithin the control signal when the velocity of the pendulum
same time, the_movement of th? pendulum dose not Conﬂl\(gFosses zero. So i? is reasonable to ad)(/:i a deaF(;zone block
v}xgth_omiroeoépszr}T /esr;tca)l issetur%\/;”;gaég{tph e: 01 (ti\r/r{al) saert]t(ij n after the velocity signal of the pendulum’s . When the output
th?oa h éx eriments. P P 9 of the deadzone block is zero, no pulse control is activated.
ug P ' . The arrange of the deadzohgis tuned in our experiments.
E|gure 5 shows the dynamic process of the. system f(?—rigure 7 showst. versus the swing up time at — 24°.
Swing up. It can be seen that the swing up time is 8.742 Seélearly, there is an optimal choice of which is found to
with the PID controller alone. bet. — 0.13 sec

_ . To summarize, for the control strategy stated above, with

D. PID controller and impulse-step controller for svingup P = 0.7, D = 0.001 (sec.), K, = 1(V/°), Kq =

To speed up the swing up, the proposed pulse-step controf-02(V/°/sec), & = 24° andt. = 0.13 sec., the achieved
signal us; is added to the whole swing up process. It igninimal swing up time is that = 2.716 sec. The dynamics
expected to increase the control effort and pump energyeto tRf the swing up process is shown in Fig. 8.
pendulum more quickly. This open-loop feedforward control Figure 9 shows the effectiveness of the energy-based mode
is quite simple. Referring to (9), here we uge= —u. The switching control. The pendulum swings up to the balance
pulse-step control gives a constant speed feedforwardalontposition first and then a disturbance was applied to deviate
output signal,us¢, as shown in Fig. 3. The optimal value the pendulum from the balancing position. In this case, the
of this control signal,a, is decided by experiments in anenergy of the system is decreased. Therefore, the control
iterative way. Ifa is too large, the arm may move too muchmode is changed to the swing up control mode by which the
to one direction and actually reduce the amplitude of thenergy of the system is increased again. Finally, the mode is

oscillations of the pendulum. switched back to the balance control mode again.
1339
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VII. CONCLUSIONS

In this paper, a PID positive feedback controller and!8]
a feedforward impulse-step controller have been succesgy

fully applied to experimentally investigate the minimum-

time swing up problem of a rotary inverted pendulum. Th¢0]

swing up time has been reduced approximately from being
longer than 8 sec. to being less than 3 sec. To make the

whole control process globally stable, an energy based mo

switching control was also attempted. The control strategy

experienced in this paper can also be applied to other undg2]

actuated systems.
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