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Steering structure for a single wheeled vehicle 
 
 

Abstract. Nowadays, there is a need to reduce emissions in the world and use electricity to drive vehicles. There is an increasing interest in small 
passenger vehicles suitable for crowded cities. In this paper it was designed a universal control structure for a single-wheeled vehicle with a tilt 
sensor. In this structure is possible to apply a vehicle with parallel wheel arrangement. The paper describes a current and position loop with PI and 
PD controllers suitable for a single wheeled vehicle. It was designed a simple complementary filter for data processing. A complementary filter 
evaluate the data from accelerometer and gyroscope, which includes all signal processing requirements for control. Additionally, a program block 
diagram was also designed to be used in any microprocessor. The results and recommendations of the adjustment for further work with the 
proposed structure are evaluated in the end of the paper. 
 
Streszczenie. W artykule zaprezentowano system sterowania jednokołowym pojazdem elektrycznym stosowanym do poruszania się w zatłoczonym 
mieście.  Do kontroli prądu i pozycji pojazdu zastosowano sterowniki PI i PD. Do kontroli ruchu zastosowano czujniki przyśpieszenia oraz pochyelnia 
ora żyroskop. (System sterowania jednokołowym pojazdem elektrycznym) 
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Introduction 
 There is an increasing interest in small passenger 
vehicles suitable for crowded cities. E-scooters and similar 
two-wheelers also appear on the market to facilitate 
movement. Designing a single wheeled vehicle is more 
demanding for stability requirements. Therefore, it is 
necessary to design and simulate control and stabilization 
based on the mechanical properties of the device. 
 According to [1], a two-wheeled vehicle balancing a 
passively inverted pendulum is proposed. The initial 
physical model is a two-wheeled trolley, where only the 
position of the lower pendulum is measured. It points out 
that the stabilization of the vertical position is possible by 
the correct selection of the control parameters depending 
on the sampling period of the controller. The model can be 
used to analyze the behavior of wheeled vehicles with 
passive human subjects standing on it. 
 In [2] the lateral-balancing problem of a single-wheel 
based robot system was presented. The basic configuration 
of this system uses the gyroscopic effect, which generates 
the yawing force as a control input. The friction combined 
with yawing force enables a robot system to maintain the 
lateral balance. Although this configuration has a major 
disadvantage. It is pitching instability problem. Efficient 
power consumption can be achieved. 
 However, successful balancing and navigation of a 
single-wheel vehicle are quite difficult and challenging since 
one point contact may fall down in lateral direction with 
ease. To have a successful balancing performance, many 
problems have to be solved as priorite before applying any 
advanced control algorithms. Among several phases of 
analytical design, integration, sensing & control, and 
evaluation, the most important phase is the analytical 
design [3], [4]. 
 
Motor current loop design 
 The motor will be controlled by a torque loop at which it 
is sufficient to measure the current flowing through the 
motor, which is proportional to the torque. For current 
regulation we use a suitable type of regulator into which the 
measured and setpoints enter, the difference is the control 
deviation and the output is an action variable representing 
the voltage with which we achieve the required current. The 
PI controller is described as an FPI(s) system and an Fm (s) 
motor. The engine can be replaced by a simple R-L link with 
transmission. 
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 It is appropriate to make a substitution in the relationship 
and to replace the fractions by the coefficients Ka and Ta. 
The modified relationship will be: 
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 The expressed relation Fm(s) is represented by the 
BLDC motor transmission also in Fig. 1 [5]. 
 


 
Fig.1 Motor simulation with program Matlab 
 
It is a requirement for the regulator to compensate for 
disturbances that affect the system and for zero steering 
deviation to steady state. This complies with the PI 
controller, which is easily adjustable and meets both 
requirements for the transient action. 

The PI controller transmission will be: 
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The PI controller constants will be determined 
experimentally or will be variable for the reason described 
[5]. 

The total current loop Fs(s) is: 
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Fig.2 Simulation current loop of motor by program Mathlab 

 
In Fig.2 is design of simulation current loop of motor by 

program Matlab. 
 

Motor position loop design 
In Fig. 4, a position loop for vehicle stabilization control 

is formed in the mattress. The PD controller enters a value 
that is the difference between the set point and the actual 
tilt angle value.  

The output is an action value - the required current, 
which, after adding up with the actual current, further enters 
the PI controller. It controls the output voltage (AC) at the 
inverter output terminals. 

 
 
 

 
 
Fig.3 Comparison of measured and simulated response per unit 
step function 

In Fig.3 is a comparison of the measured and simulated 
response values of the motor per unit jump with the settling 
time Tust = 0.0045 s. 
 

 
 

 
Fig.4 Motor position loop control by program Matlab 

 
PD controller transmission is: 
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Cascaded open loop transmission will be: 
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Mason's closed loop transmission will be: 
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In Fig. 5 is a simulation of a position loop with a settling 

time of approximately Tus = 0.07 s. The simulation is tuned 
to the lowest possible settling time. In practice, the settling 
time can be up to 2 seconds. 

Accurate calculation of constants is not possible as each 
person standing on the platform has a different moment of 
inertia, height, weight, etc. Also, the required driving 

dynamics may vary depending on the person. Therefore, 
the approximate constants were determined by the Ziegler-
Nichols method [12]. 
 

 
 
Fig.5 Motor position loop control simulation 
 
Measurement of Motor Parameters  
 The analysing equipment is 3 phase BLDC motor. A 
motor has nominal power 250 W, voltage 36 V. A motor has 
integrated hall sensors from which the rotor position can be 
determined. All parameters are listed in the Table 1. 
 Simulations require knowledge of some motor 
parameters such as winding resistance and inductance. 
The winding resistance was measured by the V-A method 
using multimeter at temperature 20°C. The windings are 
connected in series and it is not possible to measure the 
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resistance of one winding, so we measured two windings in 
series and the resulting resistance of one winding is: 
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where: Rc is the resistance of two windings in series and R1f 
is the resistance of one winding. 
 
Table 1. Parameters of Motor BLDC 

Motor parameters 
Parameter Value Unit 

Nominal power 250 W 
Maximal power 350 W 
Noinal current 6,94 A 
Nomina voltage 36 V 
Maximal voltage 48 V 

 
 The second parameter for the simulation is the winding 
inductance. This measurement was performed by 
measuring the response to the voltage pulse. Applying a 
step voltage pulse to the motor winding produces a 
transient characteristic of the RL circuit, which is scanned 
by an oscilloscope. The time for which the current rises to 
63.7% of the maximum current is a time equal to the time 
constant. Inductance can be calculated according to the 
relation: 

ܮ       (11) ൌ ܴ߬   

where: Lc is the winding inductance and τ is time constant of 
the circuit. 

 
Fig.6 Current flow through anchor winding 
 

 The measured inductance is the sum of the two 
windings, since they are connected in series, respectively. 
to the star. Therefore it is necessary to adjust the measured 
value for one winding: 
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 The resulting winding resistance of one phase is 
0.1375Ω, the inductance of one phase is 0.2405mH. We 
have put these parameters into previous simulations. 
 
Implementation to Digital Signal Processor   
 The drive control program is written through the 
CodeWarrior development environment using the NXP 
Processor Expert and implemented in the MC56F8006 
processor. 
 Fig.7 shows a block diagram of a vehicle control 
program. The program contains a main loop that handles 
the program. Furthermore, two interruptions are performed, 
one from the PWM and the other from the timer T1, by 
means of which the tilt sensor communicates with the DSP. 
Three external interruptions from the hall sensors are also 
performed. 

 As soon as the vehicle is switched on in the program 
structure, the PI and PD controller constants are initialized, 
the AD1 converter is enabled, the current probe is 
calibrated, and the current offset is set. 
 

 
 
Fig.7 Block diagram 
 

 Subsequently, the program goes into an infinite loop 
while (1). This loop carries out the main condition, which 
evaluates the condition of whether the vehicle is within the 
heeling limits or not. If the heeling angle is less than ± 15o, 
the direction function() is read to read the rotor position. 
After this function, the program executes the motor control 
function() that handles the phase switching. Conversely, if 
the heeling angle is greater than ± 15o, the integral factor of 
the PI controller is reset to zero and thus alternates the 
PWM signal to 0 [7]. 
 The PWM OnEnd() interruption occurs at the center of 
the PWM signal pulse, at which time the ADC converter 
measurement must be performed. This happens every 
100µs, which corresponds to a frequency of 10 kHz, which 
is also the PWM frequency. At the end of the ADC 
conversion, an interruption of AD1 OnEn() occurs, where 
the measured value is obtained from channel 1 [8]. This 
value is stored in the current variable, plus the offset value 
measured when the current probe is initialized. 
Furthermore, in this interruption, the PD controller is 
calculated to which the setpoint zero and the measured 
angle value enter. This is followed by the calculation of the 
PI controller with the current input parameters and the 
output from the PD controller. The result of these 
calculations is the value of the loop that is written to the 
PWM registers when the motor_control() function is 
executed. The motor is controlled by a torque loop, so we 
determine the required current, which after reading with the 
measured value of the current gives a control deviation. 
 

Design of complementary filter 
 We need use accelerometer and gyroscope for correct 
measurement of angle. A complementary filter has been 
designed to evaluate the data, which includes all signal 
processing requirements for control. The complementary 
filter is one of the filter techniques in the frequency domain 
[9]. Two or more variables enter to the complementary filter. 
Only part of the spectrum is used from each sensor, and all 
sensors cover the entire spectrum.  
 The proposed block diagram of the filter is shown in Fig. 
8, where the input parameters are the real accelerometer 
value and the gyroscope value that is then integrated [10], 
[11]. 
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Fig.8 Block diagram of complementary filter 

 

This applies: 

(13)         G1 (s )+ G2 (s) = 1  

where G1 (s) is a high pass filter and G2 (s) is the low pass 
filter.  

The proposed calculation in machine code is shown 
below. The „alpha“ is constant, in this case 0.9. 

Then apply: 

(14)         angle = (1-alpha)*(gyro) + (alpha)*(acc)   

where: 
 angle = output angle binary number 
 gyro = measured angle from the gyroscope 
 acc = measured angle from the accelerometer 
 
This filter has been implemented into the control unit 

converter for the BLDC motor of a one-wheeled vehicle with 
the NXP MC56F8006 processor.  
 The processor every 10ms takes a value from the 
accelerometer and gyroscope and computes the resulting 
value of the angle, which then enters the PI, which then 
discards the difference between the actual and the desired 
value (Fig. 9).  
 The constants of the PI controller are determined by the 
Ziegler Nicholson method. This value is entered into other 
calculations and PD controller to drive the electric motor 
[12]. 

 
 
Fig. 9. Output of accelerometer, gyroscope and complementary 
filter 
 
Conclusion 

The result is a steering structure for a single-wheeled 
self-balancing vehicle. In the beginning, a separate control 
loop for the BLDC electric motor was designed, and then by 
adding a PD controller, we created a vehicle control loop. It 
is advisable to increase the sampling frequency from the 
sensors, due to the rapid change of the platform position. 
The problem of reading values from a gyroscope is 

integration in the area of a small change rotation. The noise 
exceeds the useful signal. Therefore, we try to eliminate this 
problem by using an accelerometer and a complementary 
filter. After this modification, the designed part can be used 
to drive the vehicle. This structure was implemented and 
verified in a real application using a microprocessor NXP 
and an accelerometer with a gyroscope. The 
complementary filter smoothed the accelerometer and 
gyroscope values, as shown in Fig. 9. The system will then 
be modified by adding a tilt measurement of the two 
remaining axes for parameter improvement. 
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