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Abstract. In this paper the developed two-wheeled robot and cas-
cade LOR controller, Kalman filters, Pl and PID controllers are
presented. The cascade LOR controller stabilizes the two-wheeled
robot in upright position. The PID controller ensures good track-
ing of wheel position reference and the PI controller steers two-
wheeled robot rotation around the vertical axis. A software in
MATLAB®/Simulink environment intended for design and genera-
tion of control code which is embedded in a Texas Instruments
Digital Signal Controller is developed. Simulation and experimen-
tal results of system performance are given that confirm the
efficiency of the control system developed.

1. Introduction

Two-wheeled robots have several applications which
make them useful both from theoretical and practical point
of view [1]. The most popular commercial product, built on
the idea of self- balancing two-wheeled robot is the Segway®
Personal Transporter (PT), produced by Segway Inc., USA
[2]. Another self-balancing two-wheeled robot NXTway-GS
[3], built on the basis of the LEGO® Mindstorms NXT de-
veloper kit, is widely used in education. Also, the
telepresence and video conferencing two-wheeled robot
Double® [4] is very popular recently. The two-wheeled ro-
bots have dynamics which is similar to the inverted pendu-
lum dynamics so that they are inherently unstable and
should be stabilized around the vertical position using a
control system. Linear-quadratic or proportional-integral-
derivative (PID) control laws are usually implemented in
order to achieve vertical stabilization and desired position
in the horizontal plane [5].

In this paper we present the design and experimenta-
tion of a control system of two-wheeled robot which imple-
ments a cascade discrete-time Linear-Quadratic Regulator
(LQR) with Kalman filter of 17" order for stabilization in the
vertical plane in presence of several noises. The reason to
use such a controller for vertical stabilization is that it is
tuned easier than the controllers of centralized (non-cas-
cade) type. The cascade controllers also have several other
features which make them attractive in the control systems
design [6]. In respect to the robot rotation around the
vertical axis a proportional-integral (PI) controller combined
with a 2™ order Kalman filter is used which ensures suffi-
cient tracking accuracy. Due to the lack of accurate analyti-
cal robot model, the control system design is done by using
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a model built with the aid of an identification procedure. A
software in MATLAB®/Simulink environment is developed
for design and generation of control code which is embed-
ded in the Texas Instruments Digital Signal Controller
TMS320F28335. Results from the simulation of the closed-
loop system as well as experimental results obtained during
the real-time implementation of the designed controller are
given. The experimental results confirm the efficiency of the
technical solution implemented.

2. Control System Design

2.1. Experimental Set-Up

A photo and kinematic diagram of the developed by
the authors two-wheeled robot are shown in figures 1 and
2, respectively.

The robot is constructed from 4 vertically connected
plastic platforms. At the bottom platform are situated 2 DC
motors, together with gearboxes, wheels and magnetic en-
coders on the shafts. Motors are controlled by power am-
plifier qik2s12v10 receiving commands from the processor.
The next platform hosts the Spectrum Digital
eZdspTMF28335 development board, which supports Texas
Instruments DSP TMS320F28335. In the DSP a stabilizing
controller for the robot and data acquisition (DAQ) system
is embedded to allow closed-loop identification. Stabiliza-
tion is achieved through inertial measurement unit
ADIS16350 containing three orthogonal MEMS gyroscopes.
This unit is mounted on the third platform. The robot is
powered by 3 cell LiPo 12V battery situated on the upper-
most platform. The input signals (2, u,) to the motors are
PWM duty cycles sent over RS232 link to the power am-
plifier forming PWM voltage waveforms for the motors. The
output signals are wheels angular rates (6,, 6,), body tilt
rate (¢) and body yaw rate (). Real-time data acquisition
system is organized around wireless communication chan-
nel based on Bluetooth module.

2.2. Design Methodology

The block-diagram of the two-wheeled robot control
system is shown in figure 3. In respect to the stabilization
in upper equilibrium state the robot is described by ARMAX
and BJ models [7] obtained by means of identification pro-
cedures. The ARMAX model with structure parameters
na=7,nb="17,nc="17, nk=73 gives the link between the
control signal u and the rate ¢, while the BJ model with
structure parameters nb =3, nf=7,nc =3, nd =3, nk=1
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Figure 1. Two-wheeled robot in self-balancing mode
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Figure 2. Robot motion in vertical and horizontal planes
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Figure 3. Block-diagram of the control system
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gives the link between the rates ¢and 0= (él + 9;)/2. These
models are transformed into models with input multiplicative
uncertainty which are used latter on in the closed-loop

k+ 1) = A(px(p(k

Xq)(
M

frequency domain analysis. In the design of cascade LQR
controller, ARMAX and BJ models for nominal parameter
values are transformed into the state space,

xg(k +1)=Agxy(k) + Byp(k) +J gvg (k)

@ (k) = Cyxy(k)+ H vy (k)

where

Xp(k) =[xp1 (k) xgp (k)

are the corresponding state vectors, vg(k) and vg(k) are
discrete-time white Gaussian noises with variations
Dvs;=Dvg=1, and 4, By, Cs, Hy, Ao, Bo;, Co; Ho'are matrices
with correspondlng dimensions containing the model

@) u(k) =—Kgpxp(k) +

where K¢ and K¢ are matrices with controller parameters,

rg (k) is the reference of ¢ (k) and T, = 0.005s is the
sampling interval. Introduce the extended state vector

%k +1) = Ap%(k) + B (k) + G
" k) = Cp%p (k) + H (k)
where
_ 1 -T15Cpl _ 0| _ —TyH
A, = OB = T,=| 7
O Ay |7 [Bo|" | Jp

X9 ®1",

K(bix@' (k), X¢,l_ (k + 1) =

50 =[xy ®) . xge0)]'

parameters.
Design of astatic LQR controller for (p (LORy)

The controller LOR;, from the block-diagram in figure 3
under complete information about the state is described by

g, )+ T 1)~ ()
%p(k) =[xz (k) x0T

From equations (1), (3) and (4), for the control system
in respect to ¢ one obtains the following equation:

@

In the controller design we use the quadratic performance index

© J¢

- k§ %5 (0004%(6) +u” () Ry Op =
=]

() + Ty (), u(k) =K 5%,
— TO}"
9x 1
4000 0
R, =3
T @
0 2C¢C¢

The controller matrix K 12 which minimizes (6), is determined by

Z.—(R.+RBLP.R.
7 K, 0= (R(p + B(/, P(pB(/,

o
VB By,

P

where the matrix

[ is the positive definite solution of the equation

“Tp > “Tpn ol -1 T

The control u(k) of the system shown in figure 3 is determined by the expression
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O u(k)=Kgxg (k)= K (k). x, (k +1) = xg, (k) + T (r(k) = Cpp(K)) .
where )’5¢ (k) is an estimate of the state vector X¢ (k ), obtained by a Kalman filter in respect to (b( KF ¢)
(10) x¢(k + 1) = A¢x¢(k) + B¢u(k) + KKF¢ (¢(k + 1) — C¢B¢u(k) - C¢A¢X¢(k))
The coefficient K KF(p of KF¢ is determined by the expression
T T -1 T T
(11) KKF(/-, = DC¢ (C¢DC¢ +0.00001) ",D= F¢D€F¢ + J¢Dv(p.]¢ ,
where De is the positive definite solution of the equation

(12 D, =D-DCh(C,HDC +0.00001)~'CD.

From equations (1), (4), (9) and (10) one obtains for the description of the control system under incomplete information
in respect to @ the following equation:

%k +1) = AT (k) + G (k) + T gvp (),
(k) = CppT (k) + H gvs k),

1 O1x ~ToCy
4= Bk, 4 “BoKy :
ByKg —Kkr,CoBpKg, Ooxg Ap =Kk, Cody—=ByKy+Kkr, CoBpKy
" Ty 0
Gp =00 Jp=| T :Cp=[0 Cp Opol
Ogx Ogy]
Design of astatic LQR controller for 6 (LOR;) measurable signals is approximated by the second-order

To simplify the design, the system (13) in respect to system
x(bz (k + 1) = A¢2x¢2 (k) + B¢2F¢(k)
(k) = C x5, (F)

The system (14) is connected in serial to the model (2), so that for the plant in respect to the controller LOR  one
obtains

(14)

Xg(k +1)= Agxy(k)+ Bgry(k) +J gvg (k)

15 | ~ _
O(k)=Cgxg(k)+ H yvy(k)
where
_ A O | _ B, | _ |0 _
AQ{B_?. 4 }Bf 174 = fd Co=lne Gl
6Le  Ag Ogx1 6
;r:lfglgcl’lggli.giltechnologies 12018 39



The output 7 [0 (k ) of the controller LQRQ' is determined by the expression
(16) Tp(k) = K Xp (k) = Kgx(k), X, (k +1) =X (k) + T (r (k) — Cpxy ()
where )%0 (k ) is an estimate of the state vector fg‘ (k ) , which is obtained by the Kalman filter in respect to 6 (KF, o)

Kéi and K o are controller parameters. The equations of KF o are analogous to these of KF, @ written in respect to

(15). Similarly to (13), for the description of control system one obtains

Rk +1)= Ay (k) + Gyry(k) + J gv k),
6(k) = Cy¥ (k) + Hgvy(k),

1 013 -ToCy
Ay = EéKe-i A -ByK, :
EéKe-i - Kxr, 5959’{9,. Ogwg  Ag— Kkr, Cydy—ByKy+ Kkr, CyByK,
(17 o . ?_Ce'l. "
Gy =|0x1|.Jg=| T4 |:C5=|0 Cy Oyl Fy(k)=|Xy(k)

081 081 x;(k)

where KK F P is the gain of KF, Q- The design of the controller LQRQ' is done for the quadratic performance index

oo T
— - - — T
Jg= ;El xe-l_ (k) X, (k)‘Qg xéi (k) X4 (k)‘ + 1 (K)Ryrg (k)
w o, 30 0 .
9' = _T — ‘ ’ 9' =
0 10C;Cy
The controller parameters are determined according to equations (7) and (8) written in respect to

~ 1 -T,Cyl - |0 - |[-ToHy| -~ |Tyrs| - | =

A= 00 By=|5 [ Tg=| 5 °Ga=| ) .Co=o Ce',Ke'z“Keﬂ Ké‘

Ogw1 Aé Bé Jé 0gy1 i

Design of digital PID regulator for control state with the controllers LOR, and LOR,, it is necessary to
tune the parameters of the controller PID, which manipu-

of 8 (PIDO) lates the angle 6 of the wheels rotation. The control r, is
After that the robot is stabilized in upper equilibrium determined by

rg(k)= Kg, (rg(k) = 0(k)) + Kg Ig (k) — Kg, 0(k), Ig(k +1) = Ig(k) + Ty (rp (k) — 6(k))

where rg (k) is the reference of angle @, Kg,, K¢; and Ky system and to the frequency responses to the controller
are coefficients of proportionality, integration and differen- PIDg, the controller coefficients are chosen as
tiation. Based on the requirements to the frequency Ke,=1.5, Kg;=0.05 and Kg;~=0.07.

responses of the forward-backward robot motion control
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Frequency domain analysis of the forward-backward
motion control system

Based on the plant model with input multiplicative
uncertainty and on the designed controllers, a frequency

domain analysis of the closed-loop system is done. The
singular values of the closed-loop system, output sensitiv-
ity function and controller singular values used in the analy-
sis are shown in figures 4-6, respectively.
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Figure 4. Closed-loop system singular value
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Figure 6. Controller singular values
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Clearly, the control system tracks without static errors
the references of wheels position with frequency up to 1
rad/s and the low frequency disturbances are sufficiently
suppressed.

In figure 7 we represent the structured singular value
(W) [9] of the closed-loop uncertain system corresponding
to the robust stability analysis.

The analysis of the robust stability shows that there
is sufficient stability margin in the low frequency range
while there are allowable uncertainties in the frequency

8.5867

range of 0.9 + 19 rad/s, that can make the system unstable.
This is well known disadvantage of the linear quadratic
regulators which make them applicable to systems with
relatively small uncertainties.

Digital PI controller for steering the robot motion
around vertical axis
In respect to the motion around vertical axis the robot

is described by the determined through identification trans-
fer functions

8.7270

vy = W T,
1o O 0.1328p+1 %2 0.1186p+1

—-0.2004

0.2009

= W, =
V& 0.0119p+1" Y% 0.0119p +1

where u, and u, are the control signals to the left and right
wheel, respectively. The control signal of the PI controller

(Ply) is determined by

0 u (k)= Ky, (ry (k) =9 (k) + Ky, Ly (), 1, Gk +1) = L, (k) + Ty (ry (k) 7 (k).

where 7y (k)is the reference of angle W(k), Ky and

K,//l. are coefficients of proportionality and integration. In

order to find a compromise between the performance of

tracking V,//(k) and the magnitude of the control signal
u,(k), which is add to the output of forward-backward
controller, it is chosen that K‘/’n =2 and KWi =0.01. In

expression (20) (k) is an estimate of the angle w/(k),
which is obtained as

@1) Yk +1) = (k) + Towr(k),

where (k) is an estimate of the measured by gyro veloc-

ity (k). In the computation of control one uses the es

ypk+D) |10 ()4 Opea|=
k+D| [0 47| By,

OV k) =y (k) + i (K),

16 (k) +

timate y}(k), taking into account that the measured by
gyro velocity (k) is given by

@2) (k) = () + 1K)
where (k) is the bias and y (k) is the exact rotation rate

around the vertical axis. The bias in (22) is determined
from [8]

23) ypk+)=yp(k)+ bTOV,/-,(k),
where Vi is a discrete-time white Gaussian noise with
variation DVl/'/ =1, The estimate 1/}(k) is determined by PI

Kalman filter ( KF9;). Tis filter is designed in respect to an

extended model which is obtained after discretization of the
transfer functions (19) and taking into account the equa-
tions (22) and (23),

bTy 0 0

1| (R,

- . . T
B0 =[6,0) 620 Ty (0 =) 1 ) g, ()

where 7791 (k) and 7792 (k) are uncorrelated white Gaussian

noises representing the errors in measuring wheels veloci-

25)

ties with variations Dg'l = D9'2 =9 For KFW one obtains

U (e + 1) =y (6) + K i, (5 +1) =y (6) = Ayl (K) = B 61()

U+ 1) = Ay (6) + BB (k) + K g, (01K +1) =y () = Ay (k) = By (k)
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T

where K. =\ K., Krrp. is the filter gain. It is
KFy =|RKF;,;  KKF, g

determined according to expressions (11) and (12) written in

respect to the model (24). The estimate y}(k) is determined

from

(26) y(k) =y (k)—yp (k).

3. Experimental Results

A simulation scheme of the control system and a
specialized software in MATLAB®/Simulink environment is
developed to implement the control code. With the aid of
Simulink Coder and Code Composer Studio, a code is
generated from this software which is embedded
in the Texas Instruments Digital Signal Controller
TMS320F28335 [10]. Several experiments are performed with
the designed controllers and comparison is done with the
simulation results. The results from experiment and simula-
tion concerning the basic signals of the control system are
shown in figures 8-11.

It is seen from figure 8 the perfect tracking of the
wheels position reference and the independence of the
forward-backward motion on the robot rotation around the

vertical axis. The usage of W(K)instead of W(k)ensures
exact robot rotation around the vertical axis while a signifi-
cant drift in the measured value of ¥/ (k ) is observed with

the time, which is due to the integration of the gyro bias
(figure 9). The system control signal has an acceptable
magnitude and is significantly smaller than the magnitude
constraints of 50 (figure 10). The robot body tilt velocity
is shown in figure 11.

4. Conclusions

The paper presents the developed cascade LQR con-
troller, Kalman filters, PID and PI controllers intended to
control the plane motion of a two-wheeled robot. The de-
veloped algorithms are embedded in the Digital Signal Pro-
cessor TMS320F28335. Experimental and simulation results
of the robot motion are given which demonstrate the per-
formance of the embedded control system. The closeness
between the experimental and simulation results shows the
efficiency of the developed control system. Better results in
respect to the robustness of the closed-loop system may be
achieved by using H_ or u-controllers.
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