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Abstract

Poor user experience is caused by the current unstable operation of the two-wheel self-balancing vehicle control
system, the high failure rate, and the poor accuracy and sensitivity of the control system (prone to deviation).
Therefore, the work studied the two-wheel self-balancing vehicle system with the visual recognition of vehicle
attitude. Kalman filtering and PID control algorithm were adopted to reduce the high frequency interference of the
accelerometer and the low frequency error of the gyroscope, improve the response speed and control precision of
motor to error, and ensure vertical control. The road images were acquired by a charge-coupled device vision
sensor with the edge information extracted by the Laplacian operator, which ensures autonomous navigation
control of a balance car. Based on the calculation of the distance between road axis and the existence detection of
forward obstacles, the early warning mechanism was established through the calculation of the group agent to
improve the safety performance of a balance vehicle. Experiments showed the improved control system has good

stability, fast walking speed, strong anti-interference, and high security.
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1 Introduction

The two-wheel self-balancing vehicle has a simple struc-
ture, flexible movement, easy driving, and convenient
carrying, meeting the needs of energy saving and envir-
onmental protection. It is popular with more and more
green travel enthusiasts and has become an important
branch of mobile robot research. The automatic balance
vehicle is also called body-sensing car or Segway. Based
on “dynamic stability”, the gyroscope and acceleration
sensor inside the vehicle are used to detect the change
of vehicle attitude, and the servo control system is used
to adjust the motor for a balance system. The gyroscope
detects the change of the gravity center of a human
body. After the fast calculation by a single-chip micro-
computer, the motor is driven to make the balance ve-
hicle advance or retreat, with the turning realized by
direction calculation. When a balance vehicle leans for-
ward/backwards/in the left and right direction, the
motor rotators rotate forward/backwards/in the left and
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right direction to give the system a forward/backwards/
left and right acceleration. When the balance vehicle
reaches equilibrium, the motor automatically turns off
(See Fig. 1).

The control system of existing balance vehicles has
unstable operating conditions, high failure rate, and low
accuracy and sensitivity during handling (prone to devi-
ation), which results in poor user experience [1-3]. The
work studied the two-wheel self-balancing vehicle sys-
tem with the visual recognition of vehicle attitude, which
solves accurate vertical control, visual autonomous navi-
gation, and early warning mechanism. Kalman filtering
and process identifier (PID) control algorithm are used
to reduce the high frequency interference of the acceler-
ometer and the low frequency error of the gyroscope,
improve the response speed and control precision of the
motor to error, and ensure good vertical control. Road
images were obtained by the charge-coupled device
(CCD) vision sensor of the balancing vehicle, performing
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Fig. 1 The balancing principle of the balancing car

grayscale equalization enhancement, median filtering, bi-
narization, and the extraction of Laplacian operator edge
information. It ensured autonomous navigation of balan-
cing vehicle. Existence detection was performed by the
calculation of distance between road edgy and axis and
the frontal obstacles with gray feature. The early warning
mechanism of the system was established by group agent
calculation, which improved the safety of balance ve-
hicle. It is expected that the market acceptance will be
improved. Experiments showed the improved control
system can stably control the balance vehicle, with fast
traveling speed, strong anti-interference, and high safety.

2 Proposed method

Generally, long-time use for skilled users leads to in-
attention, increasing the possibility of traffic accidents. It
is necessary for the judgment of vehicle attitude. When
the vehicle is on the edge of the traffic warning line or
there is a forward obstacle, an alarm is automatically is-
sued to remind the user of the road condition. This re-
quires a vision system, which uses the camera of the
vehicle to capture images. Image processing algorithms
are used to detect road edges and extract the road axis,
calculating the deviation between the position of balance
vehicle and the edge. An alarm message is issued when
the deviation exceeds a certain threshold.
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2.1 Grayscale equalization enhancement of road images
A large amount of color information is in the image of
each road captured by a CCD vision sensor. Since the
on-board system has high real-time requirements, it is
necessary to convert color space into gray space by grad-
ation transformation [4], as shown in Eq. (1).

Gray(i, j) = 0.3Red(i, j) + 0.59Green(i, j) + 0.11Blue(i, j)
(1)

Figure 2 shows the original image of the road and the
converted grayscale image.

Road images have high gray level due to light changes.
The contrast between the road marking line and pave-
ment is seriously low, and sometimes white pavement
appears at the end of the road [5]. In order to reduce
the interference of light changes, the work used histo-
gram equalization enhancement to reconstruct gray level
transformation. The contrast was increased by stretching
the area of grayscales in the original image, which makes
the details of the image clear and highlights depth infor-
mation of the road image.

The grayscale histogram is the statistical relation be-
tween the grayscales in the digital image and the fre-
quency of its occurrence [6], which can be defined as

P(k) :% k=0,1,2,.....,L-1 Zizt) Py =1 (2)

where k is the kth gray level in the image f (m, n); ny is
the number of pixels whose gray level is k in f (m, n); n
is the total number of pixels of the images; and L the
grayscale series. Equalization is actually the transform-
ation of monotone function, that is,

8= (gmax_gmin> +gmin (3)

After the equalization of grayscales of the road image,
the dynamic range of the gray level is larger, highlighting
the road marking line. The road markings of the inter-
ested image are highlighted after binarization (see Fig. 3).

(b)

Fig. 2 Gray equalization image of road images. a The original image. b Gray level image after conversion
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Fig. 3 The enhanced image of the road

2.2 Road edge detection

For road information, the road edge should be extracted
first. After denoising the image, it provides convenience to
extract image edge. Recently, there are many methods of
edge extraction, including Roberts, Prewitt, Sobel,
Isotropic Sobel, Laplacian, and Candy operators [7, 8],
wherein Sobel and Candy operators are used in visual
navigation. Sobel operator uses the first derivative, which
makes the extracted image edges blurred. It is not condu-
cive for further extraction of navigation parameters. Candy
operator transforms edge detection into the detection of
the maximum of function, which has been widely used be-
cause the extracted edges are more accurate. However, it
processes more data, which affects the real-time perform-
ance of visual navigation of balance vehicle.

The Laplacian operator is a non-directional operator,
which uses the second derivative. Thus, the amount of
calculation is relatively small, with clear and accurate ex-
tracted edges. It is also suitable for improving the image
blurring caused by the diffuse reflection of light. Al-
though the operator is sensitive to noise, the image has
been substantially suppressed from noise points after
preprocessing. Therefore, the Laplacian operator is used
to extract image edges. The Laplacian operator is a
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second derivative operator, and image edges are detected
by the second derivative of the gray level. The range of
the pulsed edge can be determined by detecting the
upper and lower peaks of the first derivative. The rising
and falling edges of the corresponding pulse, namely two
edge points of the image, can be determined by detect-
ing zero-crossing of second derivate of pulse profile. For
the discrete function flx, y) of the digital image, its
Laplacian operator at the pixel point (x, y) is defined as
Eq. (4) [9].

V2f(x,y) = Vif(x,y) + A2f (x,9)
:f(x_lay_l) +f(x_1’y)
+ fx-1,y+ 1) + f(x,y-1)
+f(xy+1)+ f(x+1,y-1)
+f(x+1,y)
+fx+1,y+1)-8f(x,y) (4)

In the image processing, the Laplacian operator is im-
plemented by template convolution as follows:

-1 -1 -1
-1 8 -1 (5)
-1 -1 -1

Since the original image acquired by the video sensor
is not intuitive with noise, it is necessary to denoise and
binarize before the extraction of road information. The
binarization sets the gray level of pixel points in the
image to 0 or 255, so the image has only black and white
visual effects. It is to simplify the image information and
to change the gray levels into 0 and 255 (black and
white) for image detection. Figure 4 shows the road
image after binarization. Figure 4a and b show the road
edges and the road axis after binarization, respectively.
The background color of the road is white, and the
curbs on both sides are black, with a centerline in the
middle of the road.

The coefficients of the corresponding center pixel are
positive in the template, and those of other neighboring
pixels are negative. The sum of all coefficients is zero, so

(a)

Fig. 4 The road image after binarization. a The area of interest is the edge of the road. b The area of interest is the central line of the road

(b)
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Fig. 5 Road edge detected by the Laplacian operator

the deviation of gray scale does not occur. The Laplacian
operator is sued for the detection of image edges, and
Fig. 5 shows the results. The edge extraction of the
Laplacian operator is more accurate, which is convenient
for extracting the parameters of relative position of the
simulated road.

2.3 Recognition of road axis

The centerline of the road is calculated from road edge
data extracted in Section 2.2. It needs to find the black
dividing line on both sides. After analysis, the system
scans from the white road area where self-balancing
vehicle is located to either side until the black line is

scanned or reaching the end of the line. There are three
cases for the scanning method:

(1) The black lines are scanned on both sides. The
position of the centerline is the arithmetic mean of the
positions of the black lines on both sides.

(2) The black line is scanned on one side due to light
or other factors on one side, or the other side of the
road not photographed (caused by turning). The value of
the moment is deduced based on the trend of the values
of the first few moments on the side. The centerline of
road is calculated by the method in Case (1).

(3) The black line is not scanned on both sides. This is
because the camera passes through the intersection or is
subject to strong external factors. Then, the current cen-
terline position is directly estimated based on the trend
of the past centerline.

According to the three cases, Fig. 6 shows the specific
implementation flow. Finally, the centerline position is
compared with the horizontal coordinate of the mid-
point of the image to determine where the vehicle is,
thus obtaining direction deviation for direction control.

Figure 7 shows the recognition results of the center-
line of road.

When the road environment is not good, the edge de-
tection and centerline detection signals of the road are
not clear, thus requiring further judgment. The road in-
formation including boundary position and road width is
stored into an array. When the edge position is detected,
we select the difference between the current position
and the previous boundary position rather than edge
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Fig. 7 Extraction results of road centerline

position for calculation. If the difference is less than a
predetermined threshold, the location is considered to
be a boundary; otherwise, it is not. Since the road
boundary is continuous, the period of the CCD collect-
ing boundary information is short (usually about 10 ms).
When the balance vehicle travels at a certain speed, the
boundary positions that the CCD continuously collect
do not change too much [10]. Thus, the change is within
a certain controllable range, namely the threshold is
determinable.

After determining the boundary position, the centerline
of road can be found. The centerline position is equal to
the mean of the sum of the left and right boundary values.
The direction deviation can be obtained by subtracting
the expected value of the position of balance vehicle from
the current centerline value of the road. Through the PD
algorithm, the speed control output value, duty ratio of
pulse-width modulation, can be calculated. In order to en-
sure that the vertical control is not affected, the subrou-
tine call cycle for the directional control output value is

The direction of the
grayscale change

Fig. 8 Schematic diagram of the change of the road image grayscale
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set to 10 ms. The obtained directional control output is di-
vided into 10 parts, outputting one tenth of directional
control output value each millisecond.

2.4 Existence detection of forward obstacles combined
with grayscale

The existence detection of forward obstacles collects
road traffic environment through CCD vision sensors.
Visual cognition is used to simulate the habits and char-
acteristics of human vision, with rich video images for
identifying whether there are forward obstacles. Since
the self-balancing vehicle travels fast, the algorithm
should have real time.

Under the condition of high visibility, the bottom edge
of the forward vehicle tail is affected by sunlight, project-
ing a shadow area on the road surface. The brightness of
other non-projection road area is higher than that of the
shadow area, that is, the gray level of other areas is larger
than that of pavement image area under the bottom of the
vehicle. Figure 8 shows the image pixel of pavement is in
continuous variation of grayscale from the near to the dis-
tance. The pixel gray level near the bottom of the vehicle
is significantly lower than that of the surrounding pixels,
with large falling of grayscale distribution. In the deter-
mined forward vehicle detection and tracking area, the
abrupt change of road image grayscales [11] can be uti-
lized to calculate the average gray level of each row of
pixels from the bottom to the top of the road image. It
can preliminarily determine whether there is a possible
target vehicle in the road image by searching for the area
with large grayscale mean.

1 b(r),
G(r) = W Zczb(mg(h c) (6)

where G(r) is the mean of grayscales, b(r); is the left-end
pixel coordinate of the rth row in the search area, b(r); is
the right-end pixel coordinate of the Lth row in the
search area, and g(r,c) is the gray level of pixel point
(r, ¢). In the area of forward vehicle detection, track-
ing and searching, the row where G(r) has a step
change corresponds to the lowermost edge of the ve-
hicle (assuming the forward target has been detected).
If without step change, it is considered that there is no for-
ward target vehicle in the current detection area [12].

The grayscale mean is combined with the Laplacian
operator for the edge detection on the forward obstacle.
Figures 9, 10, 11, and 12 show the result.

2.5 Group warning mechanism based on vision of car body
The information detection of the road image lays the
foundation for vehicle attitude estimation. The balance
vehicle warns when approaching the road axis, edges, or
forward obstacles, which is the multi-information source
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Fig. 9 Sample training set

fusion method. The work used a multi-agent system
model for early warning [13]. Agent is an abstract entity
with autonomic characteristics, which has perception,
problem solving, and communication with the outside
world. Group agent solves the problem after negotiation.
The group agent model in the work was composed of
the inference engine (for sensing environmental factors
and their changing feature perceptrons, with the ability
to reason and solve problems) and the actuator for en-
vironment or other agents (see Fig. 13).

Group agent is a distributed autonomous system com-
posed of multiple agents, completing tasks through ne-
gotiation. Each agent plays a different role in system
operation. The early warning model of group agent col-
laboration in the work included perceptual agent, deci-
sion agent, and behavior agent, based on predesigned
distance thresholds for early warning of possible poten-
tial dangers to avoid collision accidents.

The threshold is set according to the CCD sensor, and
TSL1401 was used in the work with 128-pixel linearity.
The CCD acquisition feedback is the gray level of 128
points on a horizontal line of the road, with the range of
0-255, the black gradation of 0 and the white gradation
of 255. The gray level of 128 points was stored in an

array, and the maximum and minimum of grayscales in
the array were found by comparison. The mean was cal-
culated, used as a preset threshold. Figure 14 shows the
warning mechanism of a group agent of cameras.

3 Experimental results

During the operation of the two-wheel self-balancing
vehicle, it is necessary to complete vertical control,
speed control, direction control, and dangerous attitude
warning, which are achieved by changing the speed of
the wheels.

3.1 Vertical control
The vehicle has its mechanical balance point in the ver-
tical direction to main a short balance and tilt forward
or backward. According to Newton’s laws of motion, an
opposite direction is needed for balance, but there is no
way for the outside world to exert force on it. According
to D’Alembert’s principle, when the vehicle tilts forward,
a forward acceleration is applied to ensure the balance;
otherwise, a backward acceleration is applied [14—16].
Figure 15 shows the vertical control of the balancing
vehicle in the actual system. When the vehicle jitters,

Fig. 10 The results low-pass filtering
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Fig. 11 The results of image binarization

the noise is large, and the output signal of the acceler-
ometer cannot stably reflect the inclination of the ve-
hicle. The gyroscope can measure the angular velocity
when the vehicle is jittering, but there are some slight
deviations and drifts for the angular velocity signal. After
the integral operation, the error increases with time.
MMA7260 is used to measure the acceleration of the ve-
hicle, and MPU6050 to measure the angular velocity.
Through the Kalman filtering [17], the two can be com-
bined to obtain the real-time, accurate position angle.
The angle deviation value 0, obtained by subtracting the
angle at the equilibrium position from the real-time
angle, is the direction and magnitude of tilt. As the
input of PD algorithm, 6 can calculate the output
value pulse-width modulation (PWM). The motor is
driven to accelerate or decelerate the vehicle to
maintain the vehicle vertical. The larger 8 means the
larger duty ratio of PWM, the faster motor speed,
and the greater acceleration.

3.2 Speed control

3.2.1 Speed control method

In order to stabilize the vehicle, it is necessary to meas-
ure the actual velocity with closed-loop control. The

encoder counts the number of pulses rotated by the two
wheels to calculate the true velocity. The velocity devi-
ation value is obtained by subtracting the true velocity
from the desired velocity. Then, through the PI algo-
rithm, the output value of velocity control, the duty ratio
of PWM [18], can be calculated. As it needs to ensure
that the velocity control does not affect the vertical con-
trol, the calling cycle of the subroutine for obtaining the
output value of velocity control is set to 100 ms. The
output value is divided into 100 parts, outputting 1% of
the output value of velocity control every millisecond.
Moreover, the calculated output value is limited in the
program to minimize the influence of velocity control
on vertical control.

3.2.2 PID algorithm

PID algorithm [19] is a control method in which the
proportional (P), integral (I), and differential (D) are
linearly combined to form the controlled quantity for
adjusting the controlled object. The output of the pro-
portional adjustment is proportional to the input devi-
ation, and as long as the deviation occurs, a proportional
adjustment can occur in time. The output of the integral
adjustment is proportional to the integral of input

Fig. 12 Results of edge detection of obstacles ahead combined the gray average with the Laplacian operator
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Fig. 13 The structure of a single agent

deviation. The output of differential adjustment is propor-
tional to the differential of input deviation. If the propor-
tional and the integral are combined, PI algorithm is
formed. If the proportional and the differential are com-
bined, PD algorithm is formed. To adjust the parameters
of PID, it should successively adjust the proportional, inte-
gral, and differential parameters. If the adjustment is not
obvious, the proportional parameters should be increased.
If the adjustment fluctuates back and forth for a long time,
the integral parameters should be increased. If the fre-
quency of the fluctuation of the adjustment is large, the
differential parameter should be increased.

(1) Smooth noise suppression of syncretic median fil-
tering of sensor data.

As the sensor is disturbed by complicated physical fac-
tors, and the electric signal output by the sensor is also
disturbed by the external electromagnetic field, the out-
put signal generates ripple or oscillation to interfere with
the PID controller [20]. Therefore, it is necessary to use
the filtering algorithm for sensor signal. Sampling and
processing sensor data in advance ensure the efficiency
and reliability of the PID controller.

@ First-order low-pass filtering

The velocity measured by the motor encoder uses
the first-order complementary filtering to stabilize
the output velocity of motor encoder, reducing the
impact of abrupt change of velocity on the vertical
control of vehicle.
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The following is the code fragment of first-order
low-pass filtering:

main.c
speed *=0.8;
speed +=speed_L*0.2;
speed_ OUT+=speed;

main.c

@ Kalman filtering

The data output by the gyroscope uses Kalman filter-
ing, making the obtained angle smoother and suppress-
ing burr and jitter in the waveform, which makes the
control efficient [21].

The following is the code fragment of first-order
low-pass filtering:

control.c

void Kalman_Filter(float Accel,float Gyro)
{
angle+=(Gyro - Q bias) * dt;
Pdot[0]=Q_angle - PP[0][1] - PP[1][0];
Pdot[1]=-PP[1][1];
Pdot[2]=-PP[1][1];
Pdot[3]=Q_gyro;
PP[0][0] += Pdot[0] * dt;
PP[0][1] += Pdot[1] * dt;
Angle err = Accel - angle;
PCt_0=C_0 * PP[0][0];
PCt_1=C_0 * PP[1][0];
E=R_angle+C_0 * PCt_0;
K 0=PCt 0/E;
K 1=PCt 1/E;
t 0=PCt_0;
t_0=PCt_0 *PP[0][1];
t 1=C_0*PP[O][1];
[0][0] -=K_0 *t_0;
PP[O][1]=K 0 *t 1;
(11001

angle +=K_0 * Angle err;
Q biast=K 1 * Angle err;
angle dot = Gyro - Q _bias;

control.c

Kalman filtering estimates an expected value PP [0]

according to the last sampling result, and then verifies
covariance based on the parameters of the sensor, thus
achieving good filtering.

(2) PID algorithm of the cascade control

@ Positional PI algorithm of the speed loop

In the velocity control, the PI control algorithm is used
to integrate the displacement to ensure that the balan-
cing vehicle does not drift left and right.

Figure 16 shows the velocity feedback is positive. After
setting the velocity, the motor breaks vertical balance.
Thus, the vehicle moves forward and backward [22]. If the
deviation after velocity sampling is e and the sampling fre-
quency is n, PI control algorithm is simplified as Eq. (7).

O(n) = Ke(n) + I(,«Z};:Oe(n) (7)

The code snippets of PI control are as follows:

control.c

Encoder_Least =(Encoder_Left+Encoder_Right)-0;
Encoder *=0.8;
Encoder += Encoder_Least*0.2;
Encoder_Integral +=Encoder;
Encoder_Integral=Encoder_Integral-Movement;
if(Encoder_Integral>10000) Encoder_Integral=10000;
if(Encoder_Integral<-10000) Encoder_Integral=-10000;
Velocity=Encoder*kp+Encoder_Integral*ki;
if(Turn_Off(Angle Balance,Voltage)==1||Flag_Stop==1) Encoder_Integral=0;
return Velocity;
control.c

@ Positional PD algorithm of angle loop

PD control is adopted in the vertical control, with fast
response and short adjustment time. It is more suitable
for the system with large inertia. Figure 17 shows the
vertical feedback uses the negative feedback by referring
to the tilt angle and angular velocity of the gyroscope.
When deviating from the set angle, the vehicle makes it
return to the origin [23].

It is supposed that @ is the angle collected by the gyro-
scope, f3 is the angle at the equilibrium position, and an-
gular velocity is the differential of angular deviation.
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O(k) = K,e(6-p) + K0 (8) control.c

The following is a code snippet of vertical PD control:

control.c

int balance(float Angle,float Gyro)

float Bias,kp=310,kd=1.3;
int balance;
Bias=Angle-ZHONGZHI;
balance=kp*Bias+Gyro*kd;
return balance;

control.c

® Cascade PID control algorithm for a balancing vehicle

The core of the balancing vehicle is divided into verti-
cal loop control and velocity loop control, which adopt
the PID control, wherein vertical control is dominant.
Velocity loop control is used as an aid to change the vel-
ocity of balancing vehicle to control the motion of the
vehicle. Combined with the advanced PID and synchron-
ous working, a cascade PID controller is formed to con-
trol the vehicle [24].

Figure 18 shows based on the control of vertical loop,
the positive feedback interference from the velocity loop
is added. In terms of cascade PID in Egs. (7) and (8),
and the velocity loop as the input of the vertical loop,
the following can be obtained.

u(n) = Kye + 0+ Kq0 -K, * [Km xe(n) + Kiz;;oe(n)]

(©)

The following is a code snippet of cascade PID:

Voltage=Get_battery_volt();
Key():;
Balance_Pwm =balance(Angle_Balance,Gyro_Balance);
Velocity_Pwm=velocity(Encoder_Left,Encoder_Right);
Turn_Pwm =turn(Encoder_Left,Encoder Right,Gyro_Turn);
Motol=Balance_ Pwm-Velocity Pwm+Turn_Pwm;
Moto2=Balance Pwm-Velocity Pwm-Turn_Pwm;
control.c

4 Hardware structure design of balance vehicle

In this design, popular balance vehicle is taken as the
control background platform. Gyro sensor, motor speed
encoder, and ultrasonic sensor are equipped for data ac-
quisition [25]. The sensor data are conducted with atti-
tude feedback and algorithm output taking STM32
processor as the control center. DC motor driven by in-
tegrated H-bridge is used for output control to form a
complete closed-loop control system [26].

A micro operating system is used for the software con-
trol. Taking the clock output of MPU as control time
base and 10ms as rotation scheduling time, the data
flow of the gyroscope is received for the Kalman filtering
fusion and attitude analysis of software, analyzing the
calculation speed of encoder. Advanced PID algorithm
for cascade feedback control smoothly controls the
motor output adjustment attitude, thus improving the
real-time angle and stability of the balance vehicle as a
whole.

4.1 Circuit structure of balance vehicle
4.1.1 Circuit diagram of balance vehicle
Figure 19 shows the circuit diagram of a self-balancing
vehicle control system designed in the work [27], includ-
ing Main controller 1, Motor drive circuit 3, Gyroscope
circuit 5, Display circuit 4 and Power supply 2. Motor

The set value+

~N

—> ({}—d Vertical PD controller

—P» Balance car

Feedback values for Angle and angular velocity

Fig. 17 Control diagram of the vertical ring PD control
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drive circuit 3, Gyro circuit 5 and Display circuit 4 are
connected to Main controller 1.

4.1.2 Control system STM32

The MCU selects the STM32C8T6 packaged in the
LQFP48 pin of the Cortex-M3 core (see Fig. 20).
With main frequency of 72 MHz and high-speed com-
puting core, it does not waste too much residual IO.
Most peripherals of a single-chip microcomputer are
used to achieve the highest cost performance [28].

4.1.3 Vision subsystem design

A self-balancing vehicle vision system circuit includes
core chip, filtering, clock, and output signal circuits.
In the work, we select the chip OV7620 (see Fig. 21)
[28]. The filtering circuit is composed of various ca-
pacitors and inductors to ensure the stability of data
acquisition by a camera. The clock circuit is provided
by a 27-MHz external crystal oscillator to ensure
proper operation of OV7620. The output signal cir-
cuit mainly realizes data transmission between the
camera and controller, setting working mode of the
camera by the controller.

4.1.4 Perception subsystem design

Perception subsystem is used to detect the body posture
of the self-balancing vehicle. The system perceives the
external environment, realizing feedback control. When
the self-balancing vehicle moves, the controller obtains
the posture information of balance vehicle from the atti-
tude sensor, thus calculating the running state of balance
vehicle. According to the corresponding PID algorithm,
the motor is controlled to complete the erection, accel-
eration, and turning functions. Accurate attitude infor-
mation must be provided to achieve balance control
[29-31]. The accuracy of detection module has a great
influence on the balance control of system. The system
uses the inertial sensor MEMS gyroscope MPU6050 and
accelerometer MMA7260 for attitude detection.

(1) Accelerometer design

MMA7260 is a miniature capacitive acceleration sen-
sor with temperature compensation and signal condi-
tioning. In this system, the two pins g-selectl and
g-select2 are simultaneously earthed to select the preci-
sion of 800 mV/g (See Fig. 22) [32].

The controller voltage is 5V, and the accelerometer
is 3.3 V. Therefore, a 5V-to-3.3 V conversion circuit is
required. Based on the sensitivity of attitude chip to
noise, the MIC5205BM chip is used for 3.3V voltage

N

The power /
supply
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Camera module

l J

l

/3

[1

KS fll

Motor drive
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/ 4 Main controller
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Fig. 19 Circuit design
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( ‘ | 4.1.6 L298P motor driver L298P
e ™| PABATMSSWDIO o AvEr
- SR 2! PANTCRSWCLK The L298P driver is similar to the L298N, but the L298P
PRI is packaged in a POWER-SO20 package, which saves
e |||" 2pF 2 g:g_g\g’r];?m PCB size and avoids excessive motor drive volume (see
Wl R & Fig. 26). The 1298P is integrated with dual H-bridge
| P]- WA drive to bear 100 kHz PWM speed regulation. With
e 2pF NRST 7 maximum output current of 2 A and maximum current
L NRST . . . .
: of 4 A, the single bridge is able to drive the motor of
ix e b balance vehicle.
24
VDD_1
C24 €25 36 =
SE iy ] oo
0.1uF =
. 'I“F_]_ CJ S 4.1.7 USB-to-serial-port circuit
o e Figure 27 shows the serial debugging circuit connected
to computer. The integrated USB-to-serial-port chip
Fig. 20 The minimum system circuit of a single-chip microcomputer CH340G is used as the drive to facilitate parameter de-

N

conversion. The chip has ultra-low noise output and
very low voltage drop. Figure 23 shows the circuit
diagram [32].

(2) Design of gyroscope MPU6050

In Fig. 24, the MPU6050 integrates a three-axis ac-
celeration and gyroscope in a 4 x4 x 0.9 QFN package
to track fast motions. The data are transmitted to the
single-chip microcomputer using the I*C bus. Hard-
ware DMP in the MPUG6050 can filter the gyroscope
data for tuning output. It is a mature, cheap gyro-
scope chip.

4.1.5 MP2359 power module design

The MP2359 is a third-generation DCDC step-down
chip using CMOS technology. Its performance exceeds
that of LM2596. It normally works when the internal os-
cillation frequency reaches 1.4 MHz, and the inductance
is 4.7 pH (See Fig. 25). The SOT23-6 is used for pack-
aging to minimize the PCB footprint. The MP2359 has
an input voltage range of 4.5-24 V and a maximum out-
put current of 1.2 A. It is more than enough for the
12-V-powered balancing vehicle control system to en-
sure better power supply system.

bugging and observation of the vehicle.

4.1.8 Bluetooth communication module

The Bluetooth module is used to achieve Bluetooth com-
munication with the smart terminal. The display circuit is
an OLED display circuit. Bluetooth communication module
HC-05 is used to realize the communication between the
processor and mobile APP terminal. The mobile APP ter-
minal can control the switching and movement of balance
vehicle. The PID parameters of control algorithm can also
be debugged in the development mode. The communica-
tion bus between Bluetooth communication module and
processor is a serial port, which is an asynchronous com-
munication interface. The design uses a communication
protocol frame, including frame head, function code, data
frame and check frame, to ensure reliable data transmis-
sion, avoiding misinformation of data. Operating voltage of
the HC-05 Bluetooth module (5V) is directly connected to
the power module of 5V output. A resistor of 1 to 2K is
connected in series between RX pin of module and TX pin
of a single-chip microcomputer. Then, a voltage divider
resistor is connected to the ground to prevent the RX pin
from burning. Figure 28 shows the interface circuit and
connection accessory diagram of the Bluetooth module.

Fig. 21 Schematic diagram and physical diagram of OV7620
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Fig. 22 Circuit diagram of accelerometer MMA7260

4.2 Circuit design details

The quality of circuit design is reflected in the details. This
circuit design fully involves the circuit characteristics of the
balance vehicle. According to circuit requirements, some
peripheral circuits are added to accommodate the operation
of the balance vehicle.

In Fig. 29, the level switching circuit allows a single-
chip microcomputer with a 3.3-V level to communicate
with other peripherals with a 5-V TTL level. It avoids
the burnout of the controller or abnormal communica-
tion caused by voltage difference.

Figure 30 shows the photocoupling isolation circuit.
The optocoupler has the characteristics of complete
isolation and high-speed conduction. The motor drive
chip L298P with a large current is isolated from a
single-chip microcomputer, preventing the burnout of a
single-chip microcomputer because of surge current
generated by a motor.

Good hardware design of PCB ensures stable oper-
ation of software while adding functions required by the
system. For high-current motors, the power supply is
equipped with widened wire and plated copper. Import-
ant modules are interfaced with add-in modules in PCB
design. The double insurance strategy is adopted to pre-
vent circuit design errors from affecting the function of
whole board.

According to the principle of top-level wiring, the OR
resistor jumper is used in multiple places of top layer to
preserve complete ground layer, greatly increasing the
connectivity integrity and anti-interference ability of the
circuit (see Fig. 31).

In modular design of PCB, the circuit is divided into
power supply, main control, gyroscope, and motor drive
(see Fig. 32). Separated layout and wiring enhance the inde-
pendence of the board module and overall anti-interference
ability.

A 45° polyline is used on the top-level wiring to ensure
a smooth signal. Meanwhile, the places with large cur-
rents are thickened, including the power and motor out-
put (see Fig. 33).

4.3 Mechanical structure of the balance vehicle
The balance vehicle has an aluminum alloy chassis. The
bottom of chassis is equipped with motor bracket to fix
the motor. The core PCB control board is installed on
screw holes of the chassis by a copper column to form a
complete body (see Fig. 34).

The main parts are connected as follows.

The motor drive, gyroscope, and display circuits are
respectively connected to the main controller, respect-
ively. The motor drive circuit includes the motor and

+5V +3.3V
1 5
VIN VOUT
cs | c10 | gl NG c3__C4
22uF | 680uF GND2 0.1uF
MIC5205-3.3BM5

Fig. 23 Regulating circuit of 5V and 3.3V

% GND
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Fig. 24 The circuit of the gyroscope MPU6050

motor driver. The motor driver adopts a L298P drive chip,
including an integrated dual H-bridge driver circuit.

The power circuit supplies the motor driver by con-
verting the input DC into 5V DC. The power includes
power circuit and voltage conversion circuit. The power
circuit is connected with a motor drive circuit. The voltage
conversion circuit is connected with the main controller,
gyroscope, and display circuits, respectively. The power cir-
cuit includes an MP2359 conversion chip. The power input
terminal is connected to the anode of diode D11. The cath-
ode of the diode D11 is connected to the power input volt-
age pin of a MP2359 conversion chip. The cathode of the
diode D11 is simultaneously connected to the resistor R6
and the enable end of a MP2359 conversion chip. The
switch pin of the MP2359 conversion chip is connected
with the inductor L2 and the resistor R5 to insert the feed-
back pin of the MP2359 conversion chip. The resistor R5 is
connected in parallel with the capacitor C18. The inductor
L2 is 4.7 pH, the resistor R6 100 k<), the resistor R5 73 kQ,
and the capacitor C18 15 pF.

Page 14 of 21

The voltage conversion circuit converts 5V DC from
the power supply circuit into 3.3V DC, which supplies
the main controller, gyroscope, and display circuits. The
gyroscope module is used to collect gravity and acceler-
ation data, including gyroscope circuit connected by the
MPU6050 chip. The voltage conversion circuit uses a
AMS1117-3.3 regulator. The 5V DC is connected to the
anode of diode D1. The cathode of diode D1 is con-
nected to the input of AMS1117-3.3. After short con-
nection, two outputs of AMS1117-3.3 are connected in
parallel to electrolytic capacitor C5 and capacitor C4.
C5 and C4 are grounded at the other end. The
AMS1117-3.3 outputs 3.3 VDC.

The main controller is STM32. The IO interfaces of
STM32 are connected to the coding and ultrasonic
modules, respectively. The USART1 interface is con-
nected to the serial debugging circuit; the USART2
interface is connected to the Bluetooth module, which is
wirelessly connected with the intelligent terminal. Smart
terminal includes a mobile phone APP. The USART3
interface is connected to a key input module. Hall en-
coder is used for a coding module.

The serial port debugging circuit and key input mod-
ule are connected with the human-machine interface.
The serial port debugging circuit is connected to the
STM32 main controller through a USB-to-serial-port
chip. The USB-to-serial-port chip is CH340G.

The CCD-based optocoupling isolation circuit is con-
nected to a main controller at one end and a motor
drive circuit at the other end. It is used to completely
isolate the motor drive chip L298P with a large current
from the STM32 main controller.

Figure 35 shows the overall assembly diagram.

4.4 System parameter debugging

In the actual debugging process of balance vehicle, there
are various unexpected problems in detail, which
deepens the understanding of theoretical knowledge.

D APNES

47UH

Lndactor
FUTEWE,

C165 I(’l"

=10 ~
I 1o 104

GRD GRD

MP2359 5V

Fig. 25 The circuit structure of the MP2359 power supply
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4.4.1 Output of sensor MPU6050

The MPU6050 is an MPU for I’°C communication. The
program uses its I>C interface to receive six sets of raw
data of three-axis acceleration and three-axis gyroscopes.
The serial port is used for printout. The INT pin of
MPU6050 outputs square wave of 200 Hz, which is used
as the sampling time base of the MCUPID algorithm.
Figure 36 shows the output waveform.

In Fig. 37, the gyroscope outputs 5-ms pulse square
wave as the sampling time base of the controller
digital PID. Meanwhile, the gyroscope DMP is nor-
mally initialized.

(1) First-order balance low-pass filtering output

The differences between the last sensed value fused by
software and two filtering results are multiplied by the
first-order filtering coefficient, and then added. Most
smooth signals pass through the filter to obtain smooth
waveform. Motor encoder outputs square wave by the
Hall element. After first-order complementary filtering,
the speed becomes relatively smooth, thus reducing the
interference to vertical loop.
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Fig. 27 USB-to-serial-interface circuit

Filtering result = last filtering result x (1 - filter coeffi-
cient) + (last filtering result — sampling this time) x filter
coefficient.

In Fig. 38, anonymous host computer is used to com-
pare the original data of a motor speed encoder with the
data subjected to first-order low-pass filtering. It is
found that the first-order low-pass filtering significantly
leads to smoother output waveform.

(2) Kalman filtering output

Kalman filtering algorithm involves the idea of optimal
estimation. Physical quantities such as velocity, displace-
ment, and acceleration cannot be mutated. After record-
ing the measured value at the last moment and white
Gaussian noise, we estimate the current state of the sys-
tem by the formula. With a good filtering effect, this al-
gorithm is widely used in temperature and missile speed
changes.

Figure 39 shows that the data output by a gyroscope
becomes smoother after Kalman filtering. The gyroscope
easily fluctuates with environmental interference to pro-
duce smoother output (the red is the waveform using
Kalman filtering).

4.4.2 Operation result of double closed-loop control motor

(1) Speed loop PID algorithm debugging

Positional PI control algorithm is used in speed loop
to ensure the accuracy of speed integral displacement,
reducing the steady-state error of system.

The PID algorithm is simulated by MATLAB. It is
found that the PI control has slow response, and Param-
eter I greatly affects the system (see Fig. 40).

(2) Debugging of angle loop incremental PID algorithm

Angle ring adopts PD control. The control response
speed is improved to derive better dynamic response
characteristic of a balance car vehicle (see Fig. 41).

(3) Cascade advanced PID integration
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Fig. 28 Bluetooth module interface circuit and joint diagram
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Fig. 30 Photoelectric isolation circuit for the motor drive signal
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Fig. 31 Complete stratigraphic layout

Based on the idea of advanced PID, the PI control is
conducted with gearshift integral in the cascade PID, and
the PD control is incompletely differentiated. The two
equations are integrated and fed back to the motor PWM
output, thus improving the efficiency of cascade PID.

5 Discussion

PID parameter-tuning is complicated and time-consuming.
The debugging and exploration of long-time PID needs a
deep understanding. The PID coefficients of upright and
speed loops of vehicle are separately calculated for overall
observation and fine tuning.

When the D coefficient is 0, the sign of P is changed to
observe the phenomenon. It is compared with a motor ro-
tation phenomenon according to balance principle of a ve-
hicle. When the motor has negative feedback for the
upright loop, the parameter polarity of P is correct. After
determining the sign of B the calculation of the size range
of the P starts. The approximate range of P is determined
according to motor PWM fullness and range of angular
deviation. (For example, in the vertical ring, the PWM is
7200 (100%); the angle of inclination is about + 20°, so P
should be in the range of 0-360). After that, P is continu-
ously increased until the balance vehicle can be quickly

Fig. 32 Top-level original modular layout

Fig. 33 Map of top-layer wiring of PCB

adjusted, thus causing repeated oscillation of the vehicle
body. Here, P is close to the ideal value. Then, D is ad-
justed. Firstly, the sign of D is judged by observing the
motor rotation feedback (positive/negative) according to
negative feedback method of vertical loop. Then, the PD
adjustment is closed to tune the parameter of PI adjust-
ment. The balance vehicle is basically kept in the original
position (without significant changes) by the PI adjust-
ment. According to the experience, the PD parameters are
60% of the measurements; I value is 1/200 of a P value. Fi-
nally, the speed loop is integrated with vertical and steer-
ing loops for vehicle test. PID parameter-tuning is
completed.

6 Conclusions
The work studied the two-wheel self-balancing vehicle
system with the visual recognition of vehicle attitude, in-
cluding self-balancing vehicle balance principle, hardware
control circuit, Kalman filtering, PID control, vehicle CCD
vision sensor acquisition technique, edge shape detection
and analysis in machine vision technology. The main con-
clusions are described as follows.

(1) Firstly, the overall architecture design of system was
given to then introduce the principles and peripheral circuit

[ apeprerers
et

Fig. 34 Physical diagram of the balancing vehicle chassis
.
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Fig. 35 The overall assembly diagram
A

Fig. 36 The output waveform of gyro sensors
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Fig. 37 The interrupt waveform of gyro sensors INT
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MOTOR

Fig. 38 First-order low-pass filtering waveform

design of a minimum system, sensor, camera, and liquid
crystal in detail.

(2) After giving a general software algorithm frame-
work of the system, the work explored the algorithms
such as Kalman filtering and PID control according to
the algorithm module.

(3) The traditional PID algorithm was improved.

Based on a differential saturation phenomenon in
incremental PID algorithm, the unexecuted differential
part was re-executed step by step. The system was
easily interfered with high-frequency noise due to
introduction  of  differential terms.  Therefore,
first-order low-pass filtering was often added to in-
complete differentiation. The filtering algorithm was

added to the feedback term. First-order low-pass filter-
ing was also added after the PID calculation term. This
project introduced the serial PID control algorithm into
self-balancing vehicle control algorithm. The serial PID
control algorithm included speed loop position PI and
angle loop position PD algorithms.

® Speed loop position PI algorithm

In the speed control, the PI control algorithm was
adopted to strictly integrate the displacement. It was en-
sured that the balance vehicle did not drift left or right.
The speed feedback was positive. After setting the speed,
the motor broke the vertical balance, thus causing for-
ward or backward motion of the vehicle.

® Angle loop position PD algorithm

¥-Kalman

Fig. 39 Waveform comparison result
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Fig. 40 The MATLAB simulation diagram of PI control

In vertical control, the PD control algorithm had a fast
response speed and short adjustment time. It was more
suitable for balance vehicle system with large inertia.
The vertical feedback took the angle and angular vel-
ocity of a gyroscope as references based on the principle
of negative feedback. When the vehicle deviated from
the set angle, it tended to return to the origin.

(® Cascade PID control algorithm of balance vehicle

PID control was used for a balance vehicle core,
including vertical and speed loop controls, wherein
the vertical loop control always dominated. As the
auxiliary, speed loop control changed the speed to
control the movement of the balance vehicle. Based
on the idea of advanced PID, the two worked syn-
chronously to form a cascade PID controller. Posi-
tive feedback interference of the speed loop was

added to the balance vehicle based on the control of
the vertical loop.

(4) The balance vehicle system was equipped with an early
warning system for visual recognition of vehicle attitude to
improve safety and market acceptability. Road information
was extracted by digital image processing methods such as
image denoising and binarization. Therefore, we realized an
early warning system based on swarm intelligence.

(5) The software and hardware modules of a system
were gradually debugged and tested. Results showed that
the self-balancing vehicle based on visual autonomous
navigation worked well.

However, the system processor speed needs to be im-
proved due to the complexity of road information. ARM
+DSP can be used for subsequent development, which
will improve the image and algorithm processing speed.
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Fig. 41 The MATLAB simulation diagram of PD control
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