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This document reviews the state-of-the art in spherical wheeled robot design also known as the ballbot. The report is divided 

into two sections. First we discuss the work done so far in this area; next the limitations of previous work are listed. In 

future, suggestions to address the limitations could be added, but this requires accurate definition of the design problem and 

scope of application. The relevant derivations have been submitted as a separate handout (hardcopy). Almost all 

considerations have been included except electrical and communication design. 
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1. Previous work  

Ballbots belong to under-actuated system of robots which must be dynamically balanced using a feedback controller to 

maintain its static stability. Estimates of body motion (position, velocity, attitude and angular rates) are used to design the 

controller. By following this design, ballbot is capable of smooth and organic maneuvers. By having a spherical wheel, 

ballbots have a small footprint thereby making their movements in cluttered environment easier and graceful. This literature 

does not cover advancements in manipulative ballbots, motion planning and localization techniques, and human-interaction 

techniques for ballbots. Also, ballbot designs that do not technically add anything to mainstream designs have not been 

covered. 

 

Figure: Timeline of ballbot development 

1.1 Ballbot Design Space  

Based on the drive mechanisms, the ballbot designs can be broadly categorized as: 1. Inverse Mouseball Drive (IMD) 2. 

Omni-Wheel Drive (OWD) 3. Partially Sliding Roller (PSR) 4. Spherical Induction Motor (SIM). In this section, we also 

discuss the landing gear design and miniaturized design of ballbots. We conclude this section by summarizing the 

mechanical design considerations for building a ballbot. 

1.1.1 Inverse Mouseball Drive  

The first ballbot was built in 2006 by Ralph Hollis, et al. at Carnegie Mellon University that used IMD mechanism [1]. The 

drive mechanism used just 2 motors. Sensor fusion of accelerometers and gyroscopes in Inertial Measurement Units (IMUs) 

are used to estimate the attitude of the ballbot, and rotary encoders attached to the ball drive us used to obtain velocity and 

position estimated of the ballbot. The ballbot was constructed to enable human-interaction and had legs for static stability. 

By 2009 an improved prototype was presented that had 4 motor IMD [2]. The previous version had two opposed spring 

loaded idler rollers. It was noticed that unequal friction resulted in wobbling of the ballbot, hence 4 drive motors were 

included. Additional motor to enable yaw movement of the ballbot was added. Automatic transition of the ballbot from 

statically stable position to dynamically stable position was enabled [3]. Later development added arms and obstacle 

avoidance capabilities [4] for better human-interaction features. 
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(a)                                                                       (b) 

Figure: (a) 4 motor IMD (b) yaw drive mechanism [4]  

The major advantage of IMD is the availability of better gear reduction due to the use of timing belts with rollers. But this 

also implies greater maintenance cost (due to the belts) and excessive friction due to placement of rollers. Also, separate 

yaw mechanism needs to be implemented. 

LANDING GEAR 

To home the ballbot when not in motion, three robotic legs of length 0.48 m connected to linear screw drive of 1.6 

mm/revolution were devised [3, 4]. Each leg has independent drive mechanism consists of a DC servomotor with 500 ppr 

encoders and a hoof switch to signal its contact with the floor. The ball castors on the leg allow it to slide smoothly on 

ground. The legs allow the ballbot to transition from Statically Stable State (SSS) to Dynamically Stable State (DSS). More 

discussion of the control mechanism is in section 1.5.1. 

  

(a)                  (b)             (c)                                                    (d)  

Figure: Leg drive: (a) Various components of the leg drive mechanism, (b) legs completely retracted, and (c) legs 

completely deployed (d) Selected frames of automatic transition from SSS to DSS and vice versa [4] 

1.1.2 Omni-Wheel Drive (OWD) 

BallIP is the OWD ballbot first designed by Kumagai and Ochiai [5]. Similar to [2] this ballbot uses IMUs for attitude 

estimation; but acquires position and velocity information directly from the stepper motors of the omniwheels (velocity 

control) and is capable of yaw control. The omniwheels were re-designed to have a continuous point of contact and were 

expensive to produce.  
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(a)                                                                              (b) 

Figure: (a) BallIP (b) Driving mechanism of BallIP [6] 

Rezero [7] was an improvement over BallIP in that it added support balls to enable better contact with the omniwheels; also 

the ball was rubber coated for higher friction with the omni wheels. Better dynamic stability and maneuvers were possible 

due to implementation of complex control system. 

          

(a)                                                                                     (b) 

Figure: (a) The ballbot Rezero (b) Design schematic for Rezero [7] 

Advantages of OWD include better stability in highly dynamic movements compared to IMD and no need for separate yaw 

mechanism. Disadvantages include dealing with backlash problem (due to use of geared motors) and complexity of 

fabrication of omniwheels. Details of the actuation methodology has been explained in section 1.3.2. 

1.1.3 Partially Sliding Roller (PSR) 

The manufacturing of omnidirectional wheels (omniwheels) is an expensive and complex process. In order to address this 

issue, a new design was proposed [6] that uses partially sliding rollers (PSRs). PSR is a roller drive with semi-passive 

characteristics that fits into the chassis of the original BallIP design [5]. Using this the cost of manufacturing has been 

reportedly reduced to 1/10th of that of omnidirectional wheel. Also, the parts were comparatively easier to manufacture and 

assemble. 
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(a)                                                                         (b)                                

Figure: (a) BallIP-PSR (b) Design schematic for PSR [6] 

Though this work was a proof-of-concept for PSR based systems, further research on these lines have not been pursued yet. 

This appears to be due to no demonstrable improvements in performance over omniwheel ballbots. Though BallIP-PSR is 

capable of simple 2D movements and yaw rotation, complex or high speed motion of the ballbot is not possible due to 

severe slippage between the sphere and the PSRs. This occurs mainly due to usage of smaller diameter stepper motor and 

the usage of low stiffness ball (which cause vibrations during motion). This results in poor stability of the PSR ballbot 

compared to the omniwheel design. 

Advantages of PSR include the simplicity of PSR fabrication compared to OWD. Though this work was a proof-of-concept 

for PSR based systems, further research on these lines have not been pursued yet. Hence accurate comparison of this design 

to OWD cannot be made. Considering [6] there appears to be due to no dramatic improvements in performance over 

omniwheel ballbots. Though BallIP-PSR is capable of simple 2D movements and yaw rotation, complex or high speed 

motion of the ballbot is not possible due to severe slippage between the sphere and the PSRs. This occurs mainly due to 

usage of smaller diameter stepper motor and the sliding limit of the rollers. In addition, due to the choice of a low-stiffness 

ball greater vibrations can be observed during movements. This results in poor stability of the PSR ballbot compared to the 

omniwheel design. 

1.2.4 Micro Ball-Balancing Robots (MBBR) 

Recently very small ballbots have been demonstrated [8] called as Micro ball balancing robots (MBBR). MBBRs were built 

with height under 22 cm, weighs 580g and costs less than $200. The core innovation of this ballbot is in researching 

techniques to manufacture miniaturized ballbots. This involved considering the reduction in time scales (faster operation), 

reduction in weight (leads to reduction in normal force and friction between the balls and the omniwheels) and more 

stringent mechanical constraints (tolerances and material yield strength).  

The designs were explored to miniaturize the ballbots as shown above. The key difference between the MBBR-IMD is that 

only two mutually orthogonal rollers were used as against four used in [2]. As with other IMD mechanisms yaw mechanism 

needed to be added separately. Three major problems with miniaturized IMD was the rapid buildup of dirt in the rollers that 

led to slippage. The other problem is the difficultly in preventing the ball from slipping out of the socket due to the low 

weight of the ballbot. Finally, the design suffered from asymmetric friction when the rollers are actuated in opposing 

directions which subsequently push or pull the ball out of the socket. Hence it was concluded that the OWD is superior for 

miniaturization. 
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(a)                     (b)                          (c)                                                               (d)         

Figure: (a) IMD, (b) single-row omniwheel-driven mechanism (SROW) with conventional omniwheel placement (c) 

double-row omniwheel-driven mechanism (DROW) with mutually-orthogonal omniwheel placement (d) DROW 

MBBR prototype [8] 

The OWD consists of two types: The SROW (single row omni-wheel) design rollers lying in the same plane. DROW (double 

row omni-wheel) consists of rollers in two planes. Details of omniwheel design have been explained in section 1.3.2. DROW 

suffered from wobbling when in motion. 

       

The perturbations were found to be rectified to some extent by increasing the gain in the control system for DROW. The 

overall difference in performance between the two kinds of MBBR was found to be minimal. Furthermore, it was found 

that DROW design worked only at high angle of inclinations (around 700). On experimentation, it was found that SROW 

have slight edge in performance than DROW due to single contact plane, lower friction but were fragile due to their 

miniaturized design. It was also found that low angles of inclination, the use of support balls is necessary to maintain good 

contact between the wheels and the ball.  

1.1.5 Spherical Induction Motor (SIM) 

Compared to previous drive systems, having a spherical drive would be the most intuitive solution to having an 

omnidirectional locomotion. Spherical motors have fewer moving parts than other solutions in addition to reducing the 

friction losses and overall weight, they would also be a better approximation of the ideal ballbot model. Though spherical 

motors have been around for a long time, its application to ballbots have its beginning in the development of spherical 

induction motor (SIM)  and its subsequent application to Simbot [9] - the ballbot.  

Figure: Representative MBBR prototype (DROW):  

1) 2.5cm DROW 2) toy-grade plastic gearmotor 3) 

optical encoder 4) 6.4cm diameter rubber ball 5) 3D 

printed chassis 6) support ball bearing housing with low-

friction acetal ball and adjustable housing 7) 3D printed 

electronics mount 8) BeagleBone Black microprocessor 

9) Panasonic 18650 lithium-ion battery pack 
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(a)                                                                  (b)  

Figure: (a) Simbot (spherical induction motor ballbot) [9] (b) Spherical induction motor [10] 

Previously there have been interesting prototypes of spherical motors based on other principles. Traditionally USMs 

(ultrasonic motors) have found widespread application in the control of autofocus lenses in professional cameras. Spherical 

ultrasonic motors (SUSM) have been developed [11, 12] to be used in portable camera mounts, flexible robotics [13] and 

spherical actuators [14]. They have been demonstrated to be highly precise and accurate. SUSMs have short response time 

and high torque at low speed [13] which would be useful in many consumer electronics applications. Additionally, SUSMs 

are not effected by strong magnetic fields hence can be used in semiconductor processes and MRI machines, but have not 

been implemented into drive systems for locomotion yet. 

First prototype of spherical DC stepper motor with adjoining control theory was developed [15]. Spherical stepper motors 

have been shown to give absolute angular output but it requires complex mechanical and control system design to enable 

spatial control of magnetic fields. Also, closed loop output control for smooth torque generation on external loads has not 

been explored yet [16]. There use for ballbot actuation have not been explored yet. 

SIM is not a recent concept [17, 18] but in to be applied to drive systems required accurate closed loop control. In [19] 

vector control techniques were developed as applied to simple application of linear induction motors. To track SIM ball 

velocity optical mouse sensors were used and a sensing scheme was developed [20]. In 2013, the first prototype of SIM was 

built and patented [21, 22]. In [10] an improved prototype of SIM was demonstrated. Finally in 2016, the initial tests of 

SIM to drive a ballbot was conducted [9]. The SIM has simple mechanical design with only two moving parts hence there 

is less friction (no power loss in transmission due to absence of gears and motors) in addition to being lighter than IMD. 

The major disadvantage is that the copper shell is too soft for usage on hard surface and lower efficiency compared to IMD. 

                      

Figure: Using interposer ball to improve mechanical robustness for locomotion [23] 
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Simbot was demonstrated to be a feasible method of locomotion for ballbots [24].  A comparison of sim to IDM was done: 

Max torque of 8 Nm was generated at maximum lean angle of 5 degrees. This is much less than IDM (40 Nm), but the static 

friction of SIM was found to be 0.4 Nm compared to 3.6 Nm of IDM. Overall efficiency of Simbot was 2-3 times less than 

IDM. The following suggestions were made to improve the SIM design: 

 Improved vector drive performance: because more torque needed 

 Design optimization of SIM: optimize the stator design- wire gauge (battery life/ performance) and lamination material; 

designing longer stators to reduce the end-effects of magnetic field; optimizing ferromagnetic core thickness 

 More research into SIM necessary to exactly model the inefficiencies; Accurate modelling of induced magnetic field in 

rotor 

 Replace ball transfers with air bearings to further reduce friction. 

1.1.6 Mechanical design considerations  

Mechanical design is an iterative process of multiple prototypes in conjunction with other modules but broadly involves the 

following steps: 

1. Drive system selection: Entails the selection of drive system (type of actuation, motor and encoder placement, battery 

selection) and material selection for the sphere. 

2. Chassis design: Entails design of robust chassis for the ballbot and analysis of placement of COG for the ballbot in 

accordance with the expected application/ drive system/locomotion environment. It also should consider the need for 

landing gear per the concerned application. 

3. Generating CAD model: Building a CAD model to check for approximate tolerances and dynamic simulation.  

The ball should ideally have the following properties: 

1. Smooth spherical surface with minimum imperfections. 

2. Low elasticity to prevent deformation under highly dynamic loads. 

3. High coefficient of friction to avoid slipping between the ball and the drive system. But this should be balanced with 

the previous point. Usually higher coefficient of friction implies greater compliance, which would lead to deformation 

of the ball. 

4. Strong enough to bear the weight of the ballbot and interactions with the drive mechanism. 

BALLBOT BALL 

MATERIAL 

BALL 

DIMENSION  

(diameter mm) 

DRIVE 

MECHANISM 

BALLBOT 

HEIGHT 

(mm) 

BALLBOT 

WEIGHT 

(kg) 

PERFORMANCE 

CMU 

ballbot 

(2009) 

PU coated 

hollow 

aluminium 

sphere 

185 +13.5 

(coating)=198.5 

4 motor IMD 

(translation) + 

separate yaw 

servomotor 

1500 65 Max. spd= 0.1 m/s 

Max. lean ang= 50 

BallIP Rubber coated 

bowling ball 

200 OWD 500 15.6 Max. spd= 0.3 m/s 

Max. lean ang= 50 

Rezero PU coated 

hollow 

aluminium 

sphere 

195+ 4 

(coating) =199 

OWD 500 14.5 Max. spd= 2 m/s 

Max. lean ang= 200 

BallIP-PSR PU coated 

hollow 

aluminium 

sphere 

200 PSR 500 NA NA 

MBBR Rubber ball 65 IMD, SROW, 

DROW 

220 0.580 NA 
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Simbot Hollow iron 

ball enclosed in 

copper shell. 

246.2 SIM 1500 < 60 kg Max. spd= NA 

Max. lean ang=2.50 

Table: Mechanical design of existing ballbots 

1.2 Mathematical Modelling of a Ballbot 

There are two approaches to derive the equations of motion of ballbot: planar model and 3D model. Based on this model a 

controller design is implemented. The derivations have been submitted in the handout. 

1.2.1 Planar Model 

To approximate the dynamic behavior of the ballbot in 3D space two independent planar models can be used. The motors 

and omniwheels could be modeled as virtual motors and wheels. Torque equations and estimated parameters create the 

complete dynamic model. 

1.2.2 3D Model 

To describe the full dynamic behavior of the ballbot 3D model has been derived and linearized around the position the 

ballbot stands upright. This is to include the neglected dependences (like centrifugal forces) when using the planar model.  

1.2.3 Mathematical modelling considerations  

Following points should be remembered: 

1. Choice of modelling approach: Though planar model breaks down in highly dynamic maneuvers, for most applications 

it might be a simple and practical choice. None of the existing ballbots have fully implemented 3D model in their control 

system to take care of non-linearity. 

2. Parameter Estimation: For the next step (simulation) accurate knowledge of structural parameters () of the ballbot is 

necessary. This entails carrying out torsion pendulum experiment (inertial parameters) and friction tests (coulomb 

friction and viscous friction) [4]. 

3. Simulation: To check for the dynamic performance of the model, simulation of the ballbot should not be looked over. 

It gives good information for future design of control system. 

1.3 Actuation Kinematics in Ballbots 

In this section, kinematic description of the drive mechanisms has been attempted. The physics behind torque generation 

has been detailed. 

1.3.1 Inverse Mouseball Drive 

TORQUE GENERATION 

DC servomotors actuate the driven rollers via timing belts. Rotary encoders are attached to the motor to obtain position and 

velocity of the ballbot. The torque equation is as follows: 

 
Where г is the total torque in a plane (that is actuated by two rollers); rw and rr are the radius of ball and roller respectively; 

гm1 and гm2 are the respective roller torques (both driven in the same direction and magnitude). 

ROLLER PLACEMENT 

In the CMU ballbot the rollers are equatorially placed in opposing directions the reasons for which are as follows: 

 Simple construction. 
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 External force applied onto the sphere need not be resolved into more than one axis, hence making it easy to derive 

torque equations to be used in the dynamic model. 

 If place above the equator, the ball might slip out of the socket at high lean angles. If placed below the equator 

unnecessary force applied to the ball transfers that might cause instabilities in balancing. 

Development of PSR was a clever improvement over the restriction of roller placement (section 1.3.3) to enable yaw 

actuation. 

1.3.2 Omni-Wheel Drive 

OMNIWHEEL TORQUE GENERATION 

Regular off-the-shelf omniwheels cannot be effectively used to actuate a ballbot, hence omniwheels with continuous 

circumferential contact were custom made for BallIP [5]. Same kind of omniwheel were used in Rezero too. The size of 

omniwheels is an important design consideration when designing the structure of ballbot. The omniwheel should be strong 

enough to support the weight of the ballbot and appropriate gears must be used to generate required torque. The mechanical 

fabrication of omniwheel is hence expensive.  

 

MBBR employed two kinds of omniwheels SROW and DROW: The advantage of SROW is the availability of smaller 

rollers in the gaps of larger rollers that lead to smooth actuation at the transition zones of the rollers, this reduces the vibration 

due to enabling approximately single contact point throughout the actuation. The disadvantage is the increase in the 

complexity of the design due to presence of many minute moving parts which increases the overall cost of manufacture. 

The DROW takes care of the continuity problem by the staggered alignment of the rollers in two planes. Also, due to larger 

size of the moving parts, the manufacturing cost is reduced and the parts are less prone to failure. Nevertheless, due to 

having two planes of actuation, on curved surfaces (of the ball) the contact point keeps switching leading to wobbling of 

the contact forces which leads to perturbations in dynamics of the ballbot. 

The mechanics of the design choice has been explained in the handout. 

 

                                                
        (a)                                                                                      (b) 

Figure: (a) SROW (b) DROW [8] 

OMNIWHEEL PLACEMENT 

Omniwheel placement is major concern for optimal actuation in OWD mechanism. In the BallIP the angular placement was 

set at 400. As there were no support wheels it was deemed to place the omniwheels above the equator for better control. 

MBBR design goes into the details of omniwheel placement[8]. The core design innovations include: (a) “midlatitude” 

(close to the equator of the ball when the south pole is down) placement of omniwheels on the ball and (b) mutually-

orthogonal orientation of the omniwheels.  
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(a)                                            (b) 

Figure: (a) omniwheel placement angle (b) omniwheel orientation angle 

 

The mechanics of the process is detailed in the handout. To summarize, mid-latitude placement of omniwheel has the 

following advantages: Increases the friction between the ball and the omniwheels without increasing the weight of the 

system; better grip in holding the ball in the socket without being dependent on support balls. The disadvantages are: 

excessive friction close to 900; reduction in power available to translate the ball. 

Mutually orthogonal omniwheel orientation has the following advantages: smoother application of torque: actuation of a 

single omniwheel doesn’t result in a force applied against the other two omniwheels in a manner that results in the spinning 

of the rollers of the actuated omniwheel 

1.3.3 Partially Sliding Roller 

PSR DESIGN 

The design consists of three parts: core shaft, slider system and motor coupling. Four mutually perpendicular shafts are 

place around the ball with 450 orientation as shown in the figures. Each shaft holds the four guide rails that support the two 

spring-loaded sliders (passive). But due to the length of the shaft, there exists a sliding limit that constraints the motion, 

hence the PSRs are semi-omnidirectional actuators. The design is simple and cheaper to manufacture, and is an ingenious 

improvement over the IMD mechanism. 

              

(a)                                                                                   (b) 

Figure: (a) Design schematic of PSR (b) PSR design parameter [6] 

PSR ACTUATION 

The driving characteristic of the PSR is limited by its geometric parameters- sliding limit. Derivations for driving parameter 

and actuation mechanism is in the handout. 
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(a)                                                    (b)                                                      (c) 

Figure: Ball drive mechanism using the PSR and the definition of the mechanism axes [6] 

1.3.4 Spherical Induction Motor 

SIM DESIGN 

 

                
Figure: Design schematic for sim [10] 

Aluminum alloy frame with six laminated stators mounted around the ball, or rotor, at a nominal 1 mm air gap. Six nylon 

ball transfers support the entire weight of the robot over the ball and maintain the air gap. The stators have twelve slots and 

are wound with nine coils in a three-phase, four-pole configuration. Each coil consists of twenty-five turns of AWG 19 

double polyimide insulated wire. The rotor is a hollow soft steel core electroplated with solder and joined to an outer copper 

shell via shrink-fitting.  

When a 3 phase AC current passes through the winding a rotating magnetic field (RMF) is generated. The rotor is a closed 

conductor in that RMF, in which by Faraday’s law generates induced current is generated. Now by Lorentz law (current 

carrying conductor in magnetic field experiences force in direction mutually perpendicular to each other and given by left 

hand rule), the rotor experiences a magnetic force. The force on the rotor due to each individual stator can be approximated 

as acting at a single point. If this point is at the center of the stator and that the force acts in a direction parallel to the stator. 

To allow for yaw motion of the rotor, the stators are skewed from the rotor’s polar axis by 100. To obtain closed loop torque 

control of the rotor, closed loop force control is performed on each individual stator by the vector drives as described.  
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Figure: The stator of the SIM, cross-section of the rotor, constitutive inductor and the frame to mount inductors 

 

SIM TORQUE GENERATION 

 

The torque control method allows inductors to be arranged freely around the rotor to optimize designs for applications. 

Derivations in handout. 

1.4 State Estimation in Ballbots 

State estimation of a ballbot involves estimation of nine state parameters: attitude (roll, pitch, yaw), position (x, y, z) and 

velocity (x, y, z). So far, the following sensors have been used: 

1. Inertial Measurement Units (IMUs) are usually used to measure the attitude of the ballbot. Off-shelf IMUs have in-

built tracking algorithm that could be deployed to get attitude measurements but are expensive. By combining 

accelerometer, gyroscopes and magnetometers along with a custom-built attitude estimation algorithm is a low-cost 

solution. 

2. Encoders attached to the shafts of omniwheels/ rollers could be used to measure the angular position of the driving 

wheel. From this data, the position and velocity of the ballbot can be estimated. All the encoders used in existing 

ballbots are optical encoders.  

3. Stepper Motors are used for controlled angle output in omniwheels. As the rotation of the shaft is divided into 

equally spaced steps, the angular position can then be commanded to move and hold at one of these steps without 

any feedback sensor (like an encoder), if the motor is carefully sized to the application in respect to torque and 

speed. 

4. Optical mouse sensors are used to estimate the 3D angular velocity of the SIM. These sensors are usually used in 

mouse to detect relative motion on the surface. This is especially useful to measure angular velocity in SIM as there 

is no powered driving motor used to actuate the metal sphere. 

The following table shows the sensors used in the ballbots discussed so far. 

BALLBOT SENSOR SENSOR FUSION 

TECHNIQUE 

HARDWARE 

CMU ballbot 

(2009) 

IMU + encoder Using onboard Kalman filter 

for attitude estimation 

 

Crossbow VG700CA (triple 

FOG and MEMS acc); 

1024 ppr encoders 

BallIP IMU + stepper motor Complementary filter ADXRS401 (MEMS gyro) 

ADXL203 (MEMS acc); 

TA8435 (stepper motor) 

Rezero IMU + encoder Kalman filter (2010); EKF 

(2013) 

HEDL5540 (encoder) 

BallIP-PSR IMU + stepper motor Complementary filter ADXRS401 (MEMS gyro) 

ADXL203 (MEMS acc); 

Smaller diameter SM 

compared to BallIP 

MBBR NA NA NA 
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Simbot IMU + optical mouse 

sensors 

Using onboard Kalman filter 

for attitude estimation 

 

VN-100 (MEMS IMU); 

ADNS 9800 

Table: Sensors used for state estimation in various existing ballbots 

1.4.1 Sensor fusion techniques 

ATTITUDE ESTIMATION 

Usually IMUs are used for attitude estimation. Industrial grade IMUs generally have on-board attitude estimation algorithm 

(usually variations of Kalman filter) and better calibration. Though these IMUs are highly accurate, they are very expensive. 

As shown in the table, custom-made standard algorithms of complementary and Kalman filters have been successfully 

implemented in the ballbots. Tuning of filters have been done manually in all the existing ballbots. 

 

POSITION AND VELOCITY FROM ENCODERS 

Derivation for obtaining position and velocity of the ballbot from encoder output has been submitted in the handout. 

 

ANGULAR VELOCITY FROM OPTICAL MOUSE SENSORS 

Derivations in handout. 

To have a closed loop operation of the control system, the angular velocity of the ballbot should be accurately determined. 

Using optical mouse sensors is a low-cost and high-precision solution for this. The angular position can then be calculated 

from this output via integration. 

 
Figure: The optical mouse sensors arranged in BallIP [20] 

 

1.4.2 State estimation considerations 

Based on the discussion above discussion, state estimation has following steps: 

1. Choice of sensors: Depending on the drive system, budget and required accuracy. The positioning of the IMU on the 

ballbot body is important: rigidly fixing the IMU in the vertical axis and higher than COG would be useful to obtain 

accurate attitude readings.  

2. Sensor fusion technique: Depending on the choice of sensors, relevant filtering techniques are used to estimate the state 

of the ballbot. Using accurate off-shelf IMUs could provide robust and precise attitude estimates but may be cost 

prohibitive. Implementing custom algorithm requires lot of calibration and testing to enable smooth operation. 

3. Testing the estimation algorithm: Before being integrated into the ballbot control system. The algorithm should be 

verified via simulation for smooth operation. Accurate knowledge of update rate of the sensors readings is important 

for robust communication with the control system. 

In addition to the above sensors, lidar sensors have been fit into later iterations of CMU ballbot and Rezero to allow 

localization, interaction with humans and avoiding obstacles. This is outside the scope of present literature survey. 

 



16 
 

1.5 Control System Design in Ballbots  

Based on the linearized three-dimensional model, a linear controller is designed. The controller calculates the appropriate 

motor torques based on the measured tilt angle, required to: keep the ballbot dynamically stable or trajectory tracking.  

1.5.1 CMU ballbot 

The main functions of a ballbot control system is to enable balancing, station keeping and yaw control. The balancing 

controller enables the ballbot to dynamically balance on ground by using two independent PID controllers (one for each 

plane). The station keeping/ position controller is a PD controller that outputs desired body angles depending on the error 

between the ball’s current and desired positions. The PD controller’s angle outputs are saturated to avoid large lean angles. 

The velocity controller is PI controller that outputs desired body angles depending on the error between the ball’s current 

and desired velocities. The velocity controller has two major applications, one as a stopping controller that enables the 

ballbot to slow down and come to rest when subjected to large disturbances; and the other for teleoperation wherein the user 

can provide velocity commands using a joystick. This inner loop automatically compensated for the various frictional 

torques that had to be overcome to achieve velocity tracking, thus reducing the effect of the unmodeled static and dynamic 

friction. The angle outputs from the velocity controller are saturated to avoid large lean angles. 

The yaw controller is decoupled from the balancing controller and consists of two loops: an inner PI loop that feeds back 

the yaw angular velocity and an outer PD control loop that feeds back both the yaw angle and the yaw angular velocity 

(from IMU). All the gains are manually tuned. 

        

(a)                                                                      (b) 

Figure: (a) Balancing and position control (b)Yaw controller [4] 

LANDING GEAR 

The description is given in section 1.1.1. Each leg is independently implemented controllers to enable landing even in 

uneven ground. The legs-up controller is a PI velocity controller that stops when the legs hit the body; legs-down controller 

has an inner PI control loop that feeds back the leg velocity and an outer PD control loop that feeds back both position and 

velocity of the leg like that of the yaw controller. This has been done to reduce body damage due to impact. 

 

Figure: Leg-adjust controller used in leg design of CMU ballbot [4] 

The trajectory planning for automatic transition from SSS to DSS has been explained in [4] and described in this report. 
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1.5.2 BallIP 

The control system consisted of two PD controllers, that simultaneously control the pitch and roll angle and the position of 

the ballbot. The controller gains are tuned manually. The position controller is used for both station keeping and tracking 

set points, so the problem of station keeping and tracking set points is reduced to one regulation problem.  

The inputs of the plant are decoupled in two mutually perpendicular planes to control virtual wheels that lie in the same 

plane as the sensors for the pitch and roll angle. Accelerations are used as controller outputs, which are integrated to 

velocities and the velocities are used as plant inputs. The following equations represent the virtual acceleration OWD input 

commands: 

 

This is due to the use of stepper motors. The actual wheel velocities are as follows: 

 

The derivations are in the handout. 

1.2.3 MBBR 

The controller is used to stabilize the ballbot is based on planar dynamic equations (non-spinning condition). 

 

Figure: Successive Loop Closure (SLC) controller design 

MBBR is based on simple SISO controller with successive loops. The inner loop is the balancing controller which acts to 

keep the ballbot upright by controlling the motor output. Outer loop is the velocity controller is the station keeper. A separate 

PD controller is used to control the yaw of the ballbot. 

1.4.4 Simbot 

PID controller is used for controlling the angular velocity of the ball using the inputs from the vector drives and optical 

mouse sensor [10, 21]. The PID gains for feedback were found out empirically. The physics of actuation has been mentioned 

in section 1.3.4 and sensing technique has been mentioned in section 1.4.1. 

Vector Control: The vector controller (vector drive) takes as input the force command for a stator and generates a 3-phase 

ac voltage to produce that force. Thrust forces generated between each inductor and the spherical rotor actuate the ballbot. 

This is the lowest level control output in the scheme. 

Balancing Control: Maintains a given lean angle set point using PID to generate vector control outputs. Application of high 

torques is inefficient and tends to de-stabilize the system (integral windup). Hence controller outputs are de-limited. 
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Figure: Block diagram of the balancing and outer loop controllers. Note: the lsin(•) block maps the lean angle error 

to a displacement of the center of mass from the vertical [9] 

Yaw control: Consists of an inner loop PI controller that closes the loop on yaw angular velocity and an outer loop PD 

controller feeding back yaw angle (from IMU) and velocity. Both controller outputs are restricted.  

Outer Loop Control: The outer loop controller can act as a station-keeping controller which maintains ball position or 

trajectory tracking controller. The error between desired ball position and the observed ball position is driven to zero using 

the PD controller thereby obtaining desired body lean angles 

 

Figure: Yaw controller: an inner velocity controller and outer loop position controller achieve a desired yaw angle 

[9] 

The following figure is the overview control schematic for Simbot. To analyze the control design, we can divide it into three 

parts: torque control of inductors, angular velocity control of the ball and orientation control of the ballbot. 

 

 

Figure: Control system design of Simbot [21]   

Instabilities in the performance were discovered to be the result of sensor noise and torque ripple of inductors. Though 

optical mouse sensor is very accurate, residual noise seems to creep into system performance [21]. Torque ripple leads to 

oscillations in output speed which apparently matches the resonant frequency of the ballbot structure. The overall 

performance of the system was satisfactory with good balancing and tracking. 

A discussed before, Simbot is a better approximation to the idealized ballbot model (two rigid body approximation) and has 

much less frictional losses compared to other ballbots. Though the study of the physics of the actuation leaves room for lot 
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of future improvements in terms power efficiency ( varies from 200-1000 W depending on dynamics, about 3 times less 

efficient than CMU ballbot) [9].  

1.5.5 Control system design considerations for building ballbots 

The following steps depict the design of control system for a ballbot: 

1. Designing the controller:  The math model of the system should be tested first. Initial prototyping could be done on 

MATLAB and best design could be selected to match system performance in terms of balancing control, position control 

and response (rise time, settling time and steady state error). 

2. Implementation of the controller: Actual implementation of controller on the ballbot requires troubleshooting the sensor 

communications, appropriate choice of hardware, software implementation and intensive tuning for acceptable results. 

3. Testing the control system design: To improve the overall robustness of the system, the following points should be 

examined: 

 The quality of sensor output greatly effects the controller performance, hence the effect of chosen sensor on 

system performance should be mapped via experiments.  

 Better attitude estimation should be envisaged (by choosing better quality IMU or implementing sophisticated 

calibration/ algorithm in a low-cost sensor).  

 Better feedback check should be included (e.g. optical mouse) for greater accuracy. 

 Effect of perturbations on system performance should be considered i.e. how do small changes (uncertainties) 

in estimated parameters affect the state of the system.  

 Effect of unmodeled parameters should be analyzed e.g. motor actuation, shape of omniwheels if used, 

compliance of mechanical structures/ ball, variations in friction/ slip, life-cycle of materials used etc.  

BALLBOT CONTROL SYSTEM 

CMU ballbot 

(2009) 

PID controller 

BallIP PD controller 

Rezero Non-linear controller (LQR, gain-scheduling) 

BallIP-PSR PD controller (same as BallIP) 

MBBR SISO controller; PD controller 

Simbot PID controller 

Table: Summary of control techniques used in existing ballbots 
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2. Limitations  

2.1 Mechanical and Actuator Design 

Most of the ballbots built have been based on IMD and OWD. Detailed experiments to compare the performance of IMD 

and OWD mechanisms have not been done yet. Most of the recent research has been on motion planning and human 

interaction of the ballbots. 

Due to the reasons previously mentioned (section 1.1.4), it was concluded that the two OWD were superior to IMD for 

miniaturized ballbots. Thinking back, it was deemed that only two mutually orthogonal rollers would be enough for this 

design due to the low weight of the ballbot. Addition of two rollers for each axis may have reduced the asymmetry in 

friction. Also in this paper, the PSR design [6] was not explored. PSR has simpler mechanical construction than OWD, uses 

four mutually orthogonal rollers and has proven ability for yaw control. It would have been an important design alternative 

to the conventional IMD and OWD. Using 3D dynamic equation were suggested to possibly improve performance at high 

rotation rates but changes to control system design might be important too in future MBBR designs. 

SIM design has been a major departure from conventional methods of ballbot actuation since its conception. There is a need 

to explore other designs of spherical wheel designs. Development of USM has not grown out of its major application area 

i.e. camera lens actuators, spherical stepper motors have not been adequately explored for load carrying ability. It could be 

noted that these methods could be tested on MMBR-type miniaturized prototypes. The research into SIM has itself been 

concentrated only at one laboratory. The percolation of this idea into ballbot design remains to be seen.  

From the above discussion, we can see that the most important area of research should be development of new general 

purpose spherical drive mechanisms that could not only be used in ballbots but also in mass-market automobiles (statically 

stable systems). There has been very little research in this direction. Even if an appropriate method was envisaged, 

fabrication of spherical wheels would be challenge. All the current ballbots have been tested in level ground or small 

inclination angles. There have been no considerable advances in ballbots traversing in high inclinations, climbing stains or 

rugged surface. Their control in rugged terrain and effect of structural vibrations would need to be explored. Recent advances 

in self-driving cars would inevitably allow control of highly agile vehicles, hence this area should not be ignored. 

2.2 Mathematical Modelling 

MBBR suffers from instabilities when simultaneously attempting rotation and translation [8]. This is due to the planar 

dynamic model used for design of the control system. At high speeds of rotation, the equations of motion in both the plane 

are coupled, hence leading to failure in stabilizing the ballbot. Other ballbots suffer from this as well, but the low mass of 

MBBR accentuates the effect. 

Highly accurate mathematical models have been developed. Researchers at the University of Munich have developed their 

own ballbot- Balancino, based on the omniwheel drive mechanism. Deviating from the usual approach, [25] have presented 

their work detailing the derivation of non-linear equations of motion of the entire system (ballbot and the actuators) and 

explores controllability issues too. The report firstly shows that the yaw angle of the robot and the ball cannot be 

simultaneously controlled. Secondly, it shows the necessity of including spin friction to guarantee controllability of the 

ballbot. Based on this model more accurate albeit complex control strategies could be further explored as per required 

applications. 

Overall, development of control strategies to take into account the non-linearity is a bigger problem than the approach of 

modelling itself (sections 1.5.6 and 2.4). 

2.3 State Estimation 

In most of the ballbots [2, 5, 26, 27] the estimation of attitude and position is done separately, in [28] a unified state estimator 

is implemented using Extended Kalman Filter (EKF). The EKF uses inputs from both the IMU and encoder and arrives at 

the state estimate by using a kinematic model of the ballbot [26] and the adjoining constraints. During the trial experiments, 

it was noted that during high accelerated circular movements the velocity estimates suffered a constant offset. The reason 
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was found to be due to the slip between the ball and omniwheels during highly dynamic motions. Two techniques were 

suggested to improve this: inclusion of a modified sensor to measure the ball velocity [20], or inclusion of addition 

equipment like camera or lidar. 

2.4 Control System Design 

Better orientation tracking sensors need to be explored as discussed previously to prevent lower sensor quality from 

interfering control performance. Motion control and dynamic stability is a complex task as underactuated systems have 

fewer control inputs than their degrees of freedom. Generally, variations in PID and LQR techniques are used in existing 

ballbots. But PID and LQR have limited robustness to handle high external disturbance or lean angles due to uneven ground.  

Hence, there is a need to explore novel control techniques to solve the practical control problems in existing ballbots: 

perturbations and unmodeled parameters. Also, attenuation of system vibrations and rigorous analysis of their causes need 

to be undertaken. The deployment of new control techniques is application specific, hence not been elaborated further. 
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