Design Implementation of a Two Wheel Self Balancing Robot with a Two Level
Adaptive Control

Ammar Wasif %, Danish Raza?, Wagas Rasheed®, Zubair Faroog®, Syed Qaseem Ali® (Q"
'Department KESC, Karachi, Pakistan

2Solution Engineering Sysnet, Karachi, Pakistan

SNED University, Karachi, Pakistan

“Bank Idamic

Karachi, Pakistan

SKing Saud University

Riyadh, Saudi Arabia

{ammar_wasif, danish03} @live.com, wagasrasheed90@ymail.com, zubairfaroogl2@hotmail.com, gaseemali @gmail.com

ABSTRACT: An attempt to tackle theinherent instability of the two wheel platform has been made. Control of this unbalanced
system is achieved by implementing an adaptive rendition of the classic PD control. The implementation procedure and the
relevant theory behind the autonomous balancing and movement of the robot is also demonstrated. The stability and

responses of this two wheel self-balancing systemis verified by practical results.
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1. Introduction

Thetwo-wheeled, self-balancing robot isanon-linear multi-variable and naturally unstable system. Controlling such asystem
isachallengethereforeit attracts attention of many modern control researchers. Control concepts such as system stability and
robust control of systems can be verified by experimenting on such systems. Therefore it serves as a facility for testing and
verifying various control techniques. Many techniquesfor the control of atwo-wheel self-balancing robot have been proposed.
They include the PID Back Stepping Controller, presented in [1] showsthat fuzzy logic can improve the robot performance.

The sliding mode control presented in [2] and [3] isarobust control strategy based on acombination of SMC and disturbance
observer and obtains high performance despite the presence of disturbance and noise.

Linear Quadratic Regulator (LQR) method presented in [4] isatype of systeminwhich dynamicsare described by aset of linear
differential equations.

In Fuzzy Back stepping controllers presented in [5] the controller uses fuzzy logic based on discrete values.

Thetwo-wheeled self-balancing robot is modeled as an inverted pendulum, which iswidely used by the researchersnot only to

Transactions on Machine Design Volume 2 Number 1 February 2014 1




Anticlockwise

Clockwise
Chassis

Wheel

Figure 1. Schematic of Two Wheel Robot

model wheeled robot but also their legged counterparts[6].
2. Working of TwoWheel Raobot

Thiskind of robot consists of two wheels supported by a chassis as shown in Figure 1, carrying the drive motors (DC motors
in our case). When the body losesits balance and startsto fall, the motors generates acounter torque to avoid the structurefrom
falling and tries to balance the robot.

If therobot fallsin clockwise direction the motor rotates clockwise to prevent the robot from falling and vice versa. To balance
the robot, the angle from the normal, 6 bal (Figure 1), should be maintained as close to zero as possible for e.g. if angleis 10
degreethe controller will try to reduce the angle to zero using its actuators (motors). The angleis reduced by moving the robot
in direction of tilt. In this way the robot will try to maintain itself at the reference angle which is defined by the designer to
balance itself. There are several ways to achieve the movement of robot. One of them is to add alittle offset to the reference
angle. For example, instead of balancing at O degree, the robot tries to balance at 3 degree, hence keeping itself moving in the
direction of the maintained tilt. Another one, which is also discussed in this paper, requiresto have an outer speed control loop
to maintain robot movement at areference speed.

3. Control and Sensing

To measure the angle sensors like gyroscope and accel erometer are the most commonly used sensors. However, these sensors
havetheir own discrepancies. The accel erometer measures accel eration so it also containsthe linear component, along with the
angular component present in the acceleration, as shown in Figure 2.

The gyroscope measures angular velocity and by integrating it, angle can be obtained. The disadvantage of gyroscopeis that
it shows small rate of rotation, even at rest. Furthermore the integration resultsin aslow creeping tilt error.

To overcome the mentioned issue afilter must be designed because the system performance is very sensitive to the measured
angle. There are various options for the filter but the most commonly used filters are;

e Kalman Filter

» Complementary filter

After bit of research, it was concluded that Complementary filter should be implemented due to its various advantages over
Kaman Filter. The Kalman filter has a complex design compared to the design of the Complementary filter. Moreover, due to

complex calculationsinvolved in the Kalman filter it requires higher computational resources and time. Although Kalman filter
hasamore accurate result, but to save computational resources and time the Complimentary filter provides agood compromise.

Some of the details of the Complementary filters are presented in the next section.
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Figure 2. Accelerometer Reading with the Notches representsthe linear acceleration
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3.1Complementary Filter

To remove the high frequency distortion in the reading of the accelerometer it is passed through alow pass filter. The angular
velocity obtained from gyroscopeisintegrated to obtain the angle and then passed through a high passfilter to removethe low
frequency distortions. Theresult obtained from low passand high passfilter are then summed to find the estimated angle. Block
diagram of the complementary filter isshownin Figure 3.

3.2PID Controller
A simple PID controller was used for the system, as shown in Figure 4. The control equation is defined in Equation 1.

UO=ke®+k [ e(drrk, g—t e @

Wheree (t) istheerror i.e. it isthe difference between reference R and feedback, u (t) isthe control output of the controller, k )
isthe proportional gain, k isthe gain of integral term k, and isthe gain of derivative term.
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Figure 3. Block Diagram of Complementary Filter
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Figure4. PID Controller
4. Developed System

4.1 System Diagram

Controller

Arduino UNO has been selected asthe main controller, it has aflash memory of 32KB, 6PWM channels, 6 AD ports, 2 interrupts
which meet our requirements. It is open source device therefore its resources are easily available.

Motors

Themotors selected were PITTMAN 24V DC with rated speed of 6118 rpm and i s stepped down 46:1 using agear head. TheDC
motors were selected because of easy availability of the DC supply from the batteries and the ease with which they can be
controlled.

Motor Driver

A simple H-bridge was designed and devel oped to drive the motor. It consists of four NMOS and two PMOStransistorsfor each
motor in aconfiguration shownin Figure 6. PMOS transistors are used because in NM OS the gate voltage must be greater than
drain voltage for switching making the design of the high side switch driver complex, whereasin PMOSit is not aproblem.

Accelerometer
Battery Modules (ADXI339) S ALy
I
Analog
Voltage Analog
| Voltage
Arduino UNO PID Controller 4——— Comﬁlﬁ;ge”taw
A B Pulses P\iM AB |Pu|ses
Encoder Left Motor  ®—Voltage—  Motor Driver ~ —Voltage  Right Motor ~ Encoder

Figure5. Block Diagram of System
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Figure6. H-Bridge
Encoder
The encoder selected was from the manufacturer TamagawalFa and has 1024 counts/ revolution which meansit can sense the
change of 0.35° at least

Accelerometer
The accelerometer selected was ADXL 335 by Analog Devices available as a breakout board. It was selected because of its
sengitivity, which fulfillsour requirement i.e. 300mV /g at 3V.

Gyroscope
The gyroscope sel ected was | DG500 dual -axis gyro by Invensense, which isalso avail able on abreakout board and providesthe
facility of switching between two sensitivities XOUT or X4.50UT, however XOUT modefulfillsour requirements.

Battery Unit
Two battery moduleswere selected, a12V 2.3Ah moduleto drive the motorsand a12V 1.2Ah modulefor the control board and
Sensors.

4.2 Designing of Complementary Filter
Thefilter time* t” playsimportant rolein the performance of the complementary filter. Relation between time constant “ ” and
filter constant “a” isgiven in the Equation 2.

__ T
a_dt+T @

Where“dt” istermed asloop timing.
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Therefore the performance of the filter was evaluated for several randomly selected time constants against the value of a, the
results of which are shown in Figures 8-11, the one with the best performance was selected.

From Figures 8-11, the buffering action of complementary filter can be observed with diffrent values of constant “a” in Figure 8
thefiltering of distortion in accel erometer reading isminimum but the delay introduced by thefilter ishigh. In Figure 9thedelay
in measured angle decreases but remains significant. In Figure 10 the delay is further decreased. In Figure 11 the delay is
decreased even further and the reading approaches real time but the distortion istoo high and higher frequency componentsare
visibleonthesignal. It wasdecided to set “a= 0.80" (shownin Figure 10), asthisvalueisagood compromise between distortion
and delay.

Figure 7. Picture of base of robot
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Figure8. Plot witha=0.90

4.3 Controller Designing
Set of equations used for designing control system.
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Figure 10. Plot witha=0.80

e(®=rk-y(K €)

e (k+1)=¢ (K +At=e(K) @
e,(k+1)=(e(k)—e(k—1)/At ©®)
u( =k *e(k) +k* ek +k,* e K ©

Where e (K) is the error for Proportional Controller, e (k + 1) isthe error of Integral controller and e, (k + 1) is the error for
Derivative Controller.
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Figure 12. Response of P controller Error and PWM plot
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Figure 13. Response of PD Controller (kp =7, kp= 20) Error and PWM Plot

ImplementingtheP Controller
u(k)=kp*e(k) @

In this Equation 6 of controller again kp (tuning parameter) is set according to the stability of the system which is selected by
hitandtrial.

Asitisevident fromthe Figure 12 thelarge error val ues present in the system which isthe major drawback for the stability of the
system.

Thefollowing observations were made when P Controller wasimplemented:
« High dependence on the voltage of the battery
« P controller balances the robot, but there are more oscillations present in the error values which are shownin Figure 12.

To minimizetheerror PD controller wasimplemented which is discussed next.
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Figure 14. Response of PD controller (kp= 4,k = 40) Error and PWM plot

Implementing PD Controller
u(k)=kp>x<e(k)+kd>x<ed (K) )

Equation 7 isimplemented for PD control system. To minimizethe oscillationsin the error aderivative controller wasintroduced
in the control equation.

In this equation gain kp and k, were set by hit and trial to achieve system stability and reduce the errors as shown in Figure 13
and Figure 14.

It can beinferred from the graphsthat the controller istrying to minimize the error aswell as maintaining aconstant value without
increasing oscillations.

The following observations were made while assessing the system:

* Dependence on the battery and the constant need of parameter retuning is minimized.

» The robot is balanced with reduced oscillations making it more stable which was not possible by asimple P controller.

* Therobot loses its resistance against the disturbing forces because the proportional relationship kp gain has been reduced to
aminimumleve.

10 Transactions on Machine Design Volume 2 Number 1 February 2014




0 200 400 f0 a0 1000 1200 1400 1600 1300 2000

E,_ -
. . .

f Il f | i | II1 ¥
oAVt A el nag s T P TN

Angle (deg)

{ | | | | |
[
N 200 400 B0 BOD 1000 1200 1400 1600 1800 2000

Figure 15. Response of Adaptive Control Error and PWM Plot

As from the graph it can be seen that there is still distortion in the system. In order to make the system more stable and to
overcome the above drawback of PD controller, an adaptive technique was implemented.

ATwoL evel AdaptiveControl

Adaptive control isthe control method where the control parameters are varied according to the set points of the system. For
example, at starting motor has high tuning parameters and after the motor is in its stable state the parameters are varied
according to the desired condition by control system. In adaptive control the tuning factors are varied depending on the
different conditionsto makethe system more stable. Heretwo level adaptive control refersto the parametersthat are defined for
only two ranges of reference angles.

The adaptive control was implemented on the angle in the balancing loop. The parameters kp and kpwere designed to have
different values depending on the reference angles.

Resultsof Two L evel Adaptive Control

Figure 15 showsthe response of the two level adaptive control which minimizesthe oscillationsin the system which were still
present in the PD Controller implementation. The parameters were further tuned and the results are shown in the Figure 16.
Response of the controller after theimplementation of the adaptive control with tuned parametersfurther improvesthe stability.

Numbers of oscillations of the robot as shown in Figure 16 are decreased and the error isreduced to an extent that was not quite
possible without adaptive control in the designed system, with the following features:
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* Reduced the amount of oscillationin error.

Figure 16. Response of Adaptive Control Error and PWM Plot with tuned parameters

CONTROLLER Robot Balance| Overshoots Resistance against
opposite forces

P Yes Present Yes

PD Yes Reduced No

P No - -

PID Yes Increases Yes
2-Level Adaptive Yes Reduced Yes
PD (Untuned)
2-Level Adaptive Yes Minimized Yes
PD (Tuned)

Table 1. System Response on Different Parameters

« Robot becomes morerigid against the disturbances
* Robot becomes more stable
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Figure 17. Block Diagram of Forward Movement Strategy

Robot M ovement
For moving forward the control strategy implementedisshown in Figure 17 Ref isthe Reference Speed, A. Feedback istheangle
feedback taken from complimentary filter and S. Feedback isthe speed feedback taken from encoder.

In Figure 17, an outer loop has been implemented which takes speed as feedback. This calculated speed is compared with the
reference speed and error isgenerated. The error limit block saturatesthe error to a specified rangeto limit the effect of the speed
loop on the balancing. Thisis done because in case large speed error occurs, the balancing control loop will be disturbed and
may cause the robot to fall or make it highly unstable. This speed control loop generates the reference for the position control
loop or balancing loop. If the robot isto be only balanced at its position the speed referenceis set to zero. If the robot hasto be
moved forward, the speed control loop generates a ramp reference for the position control loop, which is tracked by it, thus
making the robot move.

5. Conclusion

In this paper the control system has been implemented for the balancing of atwo wheel robot. The control system comprised of
atwo level adaptive PD controller. Complementary filter was designed and implemented to remove the distortion in the angle
measurement. |nfuturethe design of control system needsfurther improvement to makeit morerobust for different environmental
conditions. And also the structure desi gned which should be fabricated properly to make it moreflexible for different conditions
and applications.
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