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Introduction

Facing the challenge of terrain navigation in traditional
wheeled robots and the speed limitations in legged robots,
our project is focused on creating a hybrid wheel-legged
robot. This innovative design aims to overcome the
shortcomings of both types in urban environments.

Type of platform

Ability to overcome
terrains

Moving Speed

Wheeled robot

Low

High

Legged robot

High

Low
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Objective

Our project introduces the hybrid wheel-legged robot as
a solution to these challenges. This design combines
the speed and efficiency of wheeled robots with the
adaptability and terrain-navigating ability of legged
robots.

With a unique leg mechanism acting as a dynamic
suspension system, our robot is aim to efficiently
traverse diverse urban terrains, providing a robust
platform suitable for a wide range of applications
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Requirements & Verification

Actuator Legs

Requirement

Verification

Requirement

Verification

e The motor should be able to sup-
ply a continuous torque of at least
4Nm =+ 5% at 120RPM =+ 5%.

e Using a script to read the
torque value from the data given
by the motors or Using the rotary
torque sensor to measure the torque.
Check whether the values from ei-
ther method are larger than 4 Nm
+ 5%.

e Using a tachometer to measure
the motor’s RPM to confirm it can
achieve 120 RPM =+ 5% under the
specified torque load.

e The motors must maintain a com-
munication rate of 1kHz + 10HZ
with the STM32 through the CAN

bus.

e Use a CAN bus analyzer or other
appropriate testing tools to mea-
sure the communication rate be-
tween the motors and the STM32.
Ensure the communication rate re-
mains stable at 1kHz £+ 10HZ.

e The motors should be able to be
powered by 20 - 27V.

¢ Using an adjustable power supply
to test the motors at various volt-
ages within the range of 20-27V to
ensure consistent and efficient per-
formance.
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e The encoder of the motor should
have an angle resolution of less than
1 degrees

e Able to remember the correct mo-
tor zero point after power cutoff.

¢ Run multiple commands to rotate
the motor to a certain angle, and
measure whether each angle rota-
tion matches the control command.
Rotate the motor at a certain angle
and read the motor angle feedback,
comparing whether the angle feed-
back is within 1 degree of the actual
difference.

o After setting the motor to zero
point, power off and rotate the mo-
tor angle. After powering on, check
if the motor remembers the correct
zero position




Requirements & Verification

Wheel Drive

Requirement

Verification

e M3508 motor maintains a commu-
nication rate of 1kHz + 10Hz with
the STM32.

e Use a CAN bus analyzer or other
appropriate testing tools to mea-
sure the communication rate be-
tween the motors and the STM32.
Confirm the communication rate re-
mains stable at 1kHz + 10HZ.

e The motors should be able to be
powered by 20 - 27V.

¢ Using an adjustable power supply
to test the motors at various volt-
ages within the range of 20-27V to
ensure consistent and efficient per-
formance.

e M3508 motor delivers a continu-
ous torque of at least 0.INm and
achieves a speed of at least 2000
RPM.

e M3508 motor can move the robot
under a load of around 2.51b.

e Using a script to read the
torque value from the data given
by the motors or Using the rotary
torque sensor to measure the torque.
Check whether the values from ei-
ther method are larger than 0.1 Nm
+ 5%

e Using a tachometer to measure
the motor’s RPM to confirm it can
achieve 2000 RPM =+ 5% under the
specified torque load.

e Load the robot with a weight of
2.5lb and verify the motor moves
the robot effectively.
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e The encoder of the motor should
have an angle resolution of less than
1 degrees

¢ Run multiple commands to rotate
the motor to a certain angle, and
measure whether each angle rota-
tion matches the control command.
Rotate the motor at a certain angle
and read the motor angle feedback,
comparing whether the angle feed-
back is within 1 degree of the actual
difference.




Requirements & Verification

PCB & Microcontroller

Requirement

Verification

Requirement

Verification

e Capable of processing inputs effi-
ciently and directing outputs to var-
ious peripherals.

e Perform an on-off test and volt-
age drop test on the entire PCB
board using a multimeter. After the
first two tests are successful, power
up the PCB board and measure the
voltage of the circuit components to
see if they are regular. Then using
scripts to test the functionality of
each interface.

e PCB should consume < 1W to en-
sure efficient power consumption.

e Using the adjustable DC power
supply, which can show the input
voltage, input current, and input
power, to measure the power con-
sumption of the design to ensure it
does not exceed 1W.

e Maintaining Can bus load under
80% between the IMU and the mo-
tors to ensure stable communica-
tion.

e Run a script and Use a CAN bus
analyzer to monitor the CAN bus
load, ensuring it stays below 80% for
stable communication.

e Must have protection mechanisms
against power surges or short cir-
cuits.

e Check the input and output ca-
pacitors before powering the PCB
board to ensure they can filter volt-
age fluctuations.

e Using the adjustable DC power
supply to test the design under
various voltage and current condi-
tions to ensure protection mecha-
nisms work effectively.

e Capable of processing and inter-
preting signals from the IMU accu-
rately.

e Put the PCB board on a horizon-
tal table. Then, power the PCB
board and run the script to check
whether the IMU returns the zero
point to the microcontroller. Then,
rotate the PCB board 45 degrees
counterclockwise 8 times and check
whether the IMU returns the cor-
rect data for each rotation.

e Minimize the time used in signal
processing for real-time applications
to 5ms+ 5%.

¢ Using the inner clock to record sig-
nal processing time during the oper-
ation.

o STM32F103 should run at 72MHZ
+ 5MHZ.

e Use a frequency meter to con-
firm the operating frequency of the
STM32F103 during operation.
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e Must provide precise control sig-
nals to the motors via the CAN bus.

e Connect the PCB board and the
motors and use the scripts to send
the rotation signal to the motors.
Check whether the motors rotate to
the desired position.




Requirements & Verification

Attitude Sensing

Requirement

Verification

e Low bias error and drift.
e Low noise levels, High resolution

e Read the data from IMU in a
normal environment and Compare
it with the data from the reference
Sensor.

e Let the PCB work at a high
electromagnetic interference envi-
ronment and check the return data
with the reference sensor.

eAbility to be calibrated and
temperature-compensated

e Use a script to send the calibrat-
ing signal to IMU and use the re-
turn data to check whether the IMU
is calibrated. Then, Keep moni-
toring the temperature data from
IMU during the operation to check
whether it can be temperature-
compensated.

e Suitable range and high sampling
rate to get reasonable data.

¢ In a stable state of the IMU, con-
nect the data output pins of the
IMU to an oscilloscope and observe
the waveform of the output signal.
By measuring the time interval be-
tween two consecutive peaks, we can
estimate the sampling rate.

eLow power consumption

e Using the adjustable DC power
supply, which can show the input
voltage, input current, and input
power, to measure the power con-
sumption during operation.
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eCommon interfaces (I2C, SPI,

UART, or CAN)

e Using simple scrips to check
whether the microcontroller can
send the signals to IMU and receive
the IMU signals.




Requirements & Verification

Remote Control

Requirement

Verification

e The user can use this remote con-
trol to send commands to the robot
successfully.

e Using the script on the microcon-
troller to print the commands sent
by the remote controller so that we
can visualize the commands on the
computer screen.

Requirement

Verification

e The remote control must maintain
reliable communication with delay
< 10ms.

e When the microcontroller receives
the data from the remote controller,
we can add the time stamp at that
moment. Then we can let the re-
mote controller send the same sig-
nal continuously. The time interval
between the time stamps is the com-
munication delay. Check whether
the delay < 10ms.

e The remote control must maintain
an emergency kill switch to stop the
robot in 2s.

e Let the robot run at a low speed
and then toggle the emergency kill
switch. Use a timer to record the
stop time and check whether the
robot is killed < 2s.
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Requirements & Verification

Power

Requirement

Verification

DC-DC Converter 1:
e Input: 20-27V Output:
0.5V, > 1A.

5V =+

e Use a multimeter to measure in-
put and output voltage and current
to ensure they are within specified
limits.

Requirement

Verification

DC-DC Converter 2:
e Input from Converter 1 Output:
3.3V £ 0.3V, 500mA + 5%.

e Use a multimeter to measure in-
put and output voltage and current
to ensure they are within specified
limits.

Battery:

e Supply: 20-27V, 20A peak, 5A
continuous Runtime: > 30 minutes
at 5A.

e Use a multimeter to measure the
output voltage and current from the
battery under load. Use a timer to
ensure it lasts for at least 30 minutes
at a 5A load.

Safety and Flexibility:

e Quick power cut-off: < 200ms
Switch between battery and wired
power.

e Test the cut-off response time with
a stopwatch or electronic timer.
Check the seamless switching be-
tween power sources under opera-
tion.
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Outline

e Mechanical Structure
e Electrical System

e Embedded Software

e Control System
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Mechanical Structure

Physical Model & Strength Analysis
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Mechanical Structure

e Physical Model
o CAD Model
o Component layout

e Strength Analysis
o Design lteration
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Assembly of robot
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CAD Model

Exploded View
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Component Layout

; , /Remote Control ||
Reaever

. v

N
Emergency Stop
Relay

Inside the robot
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Safety Component
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Strength Analysis

URES (mm)
URES (mm)
3574¢-02

l 3217e-02

. 2859e-02

1.500e-02

1.350e-02
. 2502e-02
. 1.200e-02
| 2144¢-02

1.787¢-02 . 1.050e-02

. 1430e-02 _ 8.998e-03

ﬁ 7.499¢-03
L 5.99%e-03

. 4.49%-03

2.999%-03
1.500e-03
1.000e-30

L 1072e-02

7.148e-03
3574¢-03
1.000e-30

Implement static force analysis to assess the structural integrity and performance of
components under various loads and conditions.
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Design lteration

URES (mm) URES (mm)

3738e-03
l 3364¢-03

. 2590e-03

2357¢-01
._ 2.121e-01

. 1.885e-01

- 1.650e-01 . 2616e-03

L 2243e-03

[z 1.178e-01 r,qt 1.86%9¢-03

L 9427e-02 1495¢-03

=
T4T5e-04
3738e-04
1.000e-30

. 7.070e-02

4.713e-02
2357e-02
1.000e-30

First Version Enhanced Version:

Design: Single-layer thick aluminum plate. Design Upgrade: two layers of carbon fiber with an inner
layer sandwiched by a low-density, 3D-printed material.

Challenge: Offers limited support for lateral forces,

such as those experienced during side collisions on a Performance Improvement: Significant increase in

leg component strength
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Detailed cross section

2mm Carbon Fiber

3D Print Plastic Layer

Aluminum Standoff

Cross section of leg structure
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Design lteration

Deep groove ball bearing

Needle Roller Thrust Bearing

Design: Completely restricted shaft system.
Support Mechanism: Needle roller bearings combine with flat thrust bearings.

Performance Improvement: This new design considerably enhances bearing strength and
reduces rotational resistance, addressing the issues identified in the initial design.
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Design lteration

Comparison before and after optimization
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Design lteration

Comparison of weight before and after optimization & change material

ELECTRICAL & COMPUTER ENGINEERING



Electrical System

Power & Microcontroller Boards
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Electrical System

e DC-DC Power Board
o Hardware Components
o Protection Circuit

e Microcontroller Board
o Hardware Components
o Design Considerations
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Electrical System

e DC-DC Power Board
o Hardware Components
o Protection Circuit
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DC-DC Power Board

Core Components:
FP6151 Buck Converter with up to 90% efficiency. S TR
AMS1117 Voltage Regulator: Voltage level regulation.

Overvoltage and Reverse Polarity Protection Circuit: Safety
and durability enhancement.

Functional Specifications:

Input Voltage Range: 10-36V.

Output Voltage and Current: 5V up to 5A, and 3.3V up to 1A.
Protection: Input reverse polarity protection, output overvoltage

protection Oy 21 7o i f[OY

Additional Features:

Test Points: For monitoring all voltage levels.
Status Indicators: 3 LEDs to indicate circuit status.
Motor Power distribution(6*XT30)

OLED screen connector
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DC-DC Power Board Schematic

24V Battery to 5V Reverse Polarity Protection
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DC-DC Power Board Layout
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Electrical System

e Microcontroller Board
o Hardware Components
o Design Considerations
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Microcontroller Board

k=
Hardware Components =ik ®
P
g O
Main Hardware Components e =
- STM32F103C8T6 microcontroller T -} g
-  AMS1117 voltage regulator IR E-DEE " ‘ ‘!’L@
-  MAX3051 CAN Transceiver e
- BMIO88 IMU
Connectors

« 2 XT30 connectors for power input
« 1 USB-C connector for power input

« 5 CAN connectors
« 1 DBUS port

TR %;}," X1

-« SWD for serial wire debugging oo
« UART for printing messages through serial port > &
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Microcontroller Board Schematic
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Microcontroller Board Layout E
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Microcontroller Board

Design Considerations

Component Placement
« Decoupling capacitors are placed closed to the microcontroller to minimize impedance and inductance

 The IMU is placed further away from the power circuit to minimize the heat generated by the linear regulator.

- -
m g WN
o

.!E!i— """" C
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Microcontroller Board

Design Considerations

Power Sources
 The board can be powered by several different

power sources.

* When testing the board on its own, we can power
it with the SWD port or the USB-C port.

« When mounted on the robot, the board can be
powered through the two XT30 connectors. The
power source can be easily selected using jumper
hats.
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Microcontroller Board

Design Considerations

Debug Purposes
« The board contains two LEDs and two buttons, which can be configured for debugging purposes.

* In the robot program, an LED is configured as a breathing LED to indicate the status of the board.
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Embedded Software

Low-level Software, Peripherals, and Sensor Fusion
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Embedded Software

e Low-level Software
o Hardware Abstraction Layer (HAL)
o Real-time Operating System (RTOS)
e Peripherals
o CAN
o SPI
o UART
e Sensor Fusion
o The Mahony Filter
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Embedded Software

e Low-level Software
o Hardware Abstraction Layer (HAL)
o Real-time Operating System (RTOS)
e Peripherals
o CAN
o SPI
o UART
e Sensor Fusion
o The Mahony Filter
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Embedded Software

Low-level Software

Hardware Abstraction Layer (HAL)
The Hardware Abstraction Layer (HAL) provides a high-level API that allows easier access to the hardware

layer. In our case, the HAL is provided by the chip manufacturer, STMicroelectronics.

Application Code

Middleware
Third Party

CMSIS Software Pack

CMSIS-DSP CMSIS-RTOS CMSIS-Driver
DSP Library API APl

CMSIS-NN
NN Library

Debugger
RTOS Kernel Device HAL

Third Party Silicon Vendor

CMSIS-CORE CMSIS-SVD
Access Functions, SIMD Intrinsics, Peripheral & Interrupt Definitions

Cortex-M Core Peripherals
CPU Core SysTick timer, NVIC, SAU, Debug & Trace
ELECTRICAL & COMPUTER ENGINEERING

Other

Peripherals Goresizhe

Microcontroller



Embedded Software

Low-level Software

Real-time Operating System (RTOS)
The RTOS allows us to create multiple threads on a single core, where its scheduler is responsible for

switching tasks, scheduling, etc. The RTOS kernel we are using is FreeRTOS, a popular open source RTOS
kernel. However, we are not directly using the APIs from FreeRTOS. Instead, we are using the CMSIS-RTOS
library developed by ARM, which acts as an abstraction layer to FreeRTOS. We can assign priority to each

task, where the task with higher priority can preempt the ones with lower priority.

Job 1 preempts Job 2

N

Job 1

Job 2

oS /] | :

/ Time

Scheduler
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Embedded Software

e Low-level Software
o Hardware Abstraction Layer (HAL)
o Real-time Operating System (RTOS)
e Peripherals
o CAN
o SPI
o UART
e Sensor Fusion
o The Mahony Filter
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Embedded Software

Peripherals

CAN (Controller Area Network)
«  Protocol for communicating with all of our motors.
- Allows each device to communicate with each other without the need of a central hub.
- When the microcontroller transmits a message, all devices receives the same message but only
responds if the identifier attached to the message matches its own.

S| 11-pit |R|! - |
O | 1dentifier | T |P|r0|DLC 0...8 Bytes Data CRC |ACK|O|F
F R |E F|S
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Embedded Software

Peripherals

SPI (Serial Peripheral Interface)
* Protocol for communicating with the IMU
* A high speed full-duplex communication protocol, which is important for the IMU as we need real-time
data for pose estimation.

SCLK » SCLK
SPI MOSI » MOSI SPI
Master MISO <« MISO Slave
CS > CS
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Embedded Software

Peripherals
UART (Universal Asynchronous @
Receiver/Transmitter) # 75.08 s, IMU Ready
«  Two purposes: transmission from DBUS receiver and Enler fngias: 147.%9, 89.45, =Seee
debugging. E

« The remote control signals received by the receiver are
transmitted to the microcontroller through a DBUS
protocol, which is essentially an inverted UART signal.

« For debugging, we use UART to transmit messages to our
screen through a serial port.
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Embedded Software

e Low-level Software
o Hardware Abstraction Layer (HAL)
o Real-time Operating System (RTOS)
e Peripherals
o CAN
o SPI
o UART
e Sensor Fusion
o The Mahony Filter
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The Inertial Measurement Unit (IMU) consists of an and a
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Embedded Software

Sensor Fusion

Accelerometer
* The accelerometer measures linear acceleration in each

axis.

» |t measures the force of acceleration caused by gravity or
by movement.

 When at rest, an accelerometer will measure the
acceleration due to gravity.

Gyroscope
« The gyroscope measures angular rate around each axis.
« The sensor measure the rate of a rotation by detecting a
deviation from the initial orientation.
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= e, 1388 978 —se3 Why is sensor fusion necessary?
vl ciraics, » Gyroscopes are prone to drift due to error
il accumulated over time.
;‘03 . I 029 34, « Accelerometer measurements contain high

*272.0 frequency noise
s * We can combine the high-frequency, short-
:_‘108'0 ' term accuracy of the gyroscope with the
—144. low-frequency, long-term stability of the

. -180.0  180.0.° accelerometer.
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Embedded Software

Sensor Fusion

The Mahony Filter
Step 1: Obtain sensor measurements

th . gyroscope measurements
I
ai : accelerometer measurements

Iét : normalized accelerometer measurements
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Step 2: Orientation error using accelerometer and
estimated gyroscope measurements

2(q294 — q143)
V(pless) = | 2(q1@2 + @3qa)
(¢ — &2 — @2 +q2)

I I A
€1 = a1 X V(qust,t)

€it11 = €t + e 1At

R. Mahony, 2008



Embedded Software

Sensor Fusion

The Mahony Filter
Step 3: Update gyro measurements using Pl controller (Fusion)

th+1 = th+1 + Kper1 + Kie; i
Step 4: Calculate change in orientation based on the updated gyro measurements

I 1

T : o
R Equestt ® [O,thﬂ] ®: quaternion multiplication

Step 5: Update orientation estimate with numerical integration

I _ I A I .
qust,t+1 — qust,t + qu,t+1At

R. Mahony, 2008

ELECTRICAL & COMPUTER ENGINEERING



Embedded Software

Sensor Fusion

The Mahony Filter

Integration of Gyroscope Data: The filter first integrates the angular rate measurements from the gyroscope over
time to estimate the orientation. This orientation is subject to drift due to accumulating errors in the gyro data.

Accelerometer Correction: The filter then uses the accelerometer data to obtain an estimate of the gravitational
vector in the device's frame of reference. This estimate is used to correct the drift in the gyroscope-based orientation
estimate.

Error Estimation: The Mahony filter calculates the error between the estimated gravity direction (from the integrated
gyroscope data) and the measured gravity direction (from the accelerometer).

Feedback Loop: This error is then fed back into the system to adjust the gyroscope integration in the next iteration,
effectively reducing the drift.

Tuning: The filter includes parameters that can be tuned to balance the responsiveness of the filter to gyroscope and
accelerometer data. These parameters control how quickly the filter corrects the gyroscope drift based on the

accelerometer data.
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Control System

e Physical Models
o Wheel Motion Model
o Leg Motion Model
e Control Theory
o Linear Quadratic Regulator(LQR) Algorithm
o Virtual Model Control(VMC) Algorithm
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Control System

e Physical Models
o Wheel Motion Model
o Leg Motion Model
e Control Theory
o Linear Quadratic Regulator(LQR) Algorithm
o Virtual Model Control(VMC) Algorithm
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Wheel Motion Model

ELECTRICAL & COMPUTER ENGINEERING

Variable Declaration

Label | Meaning Unit
v, Tr | The displacement of the left and right wheels. m
2z The distance between the body’s center of mass and wheel motor m
rotation axis along the z-axis.
0] The roll angle of the body. rad
0 The pitch angle of the body. rad
P The yaw angle of the body. rad
T,,,Tr | The output torque of the left and right wheel motors. N-m
T The output torque of the leg motors. N -m
Ny, N | The horizontal component of the force between wheels and the N
body (along the x-axis).
Py, P | The vertical component of the force between wheels and the N
body (along the y-axis).
F;,, Fr | The frictions of the wheels when moving,. N




Wheel Motion Model

ELECTRICAL & COMPUTER ENGINEERING

Parameter Declaration

Label | Meaning Unit
m The mass of the rotor in the wheel motors. kg
M The mass of the body. kg
b The moment of inertia of the rotor in the wheel motors. kg - m?
) The moment of inertia of the body rotated around the x-axis. | kg - m?
L, The moment of inertia of the body rotated around the y-axis. | kg - m?
The moment of inertia of the body rotated around the z-axis. | kg - m?
R The radius of the wheel. m
[ The distance between the body’s center of mass and the rotation m

axis of the wheel motor.
D The distance between the left and right wheels. m
g The acceleration due to the gravity measured. m/ s




Wheel Motion Model - Move Forward and Backward

>FI_/F-Q
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>x/_ ) XQ

For Wheels

Net force and torque analysis:

FL—NL :mTL

T, — Fy « R = I, ~&

R
Combine (1) and (2):
o AL — Nt e Ip— Nph
oh L + mR T %+mR

rr+2r  Tp+Tr— (Np+ Ng)R

P =

2 2(& + mR)

(1)
(2)

(3)

(4)



Wheel Motion Model - Self Balance (Pt.1) E

Velocity decomposition:

0 . . '
B = E(T + lsin(0)) = = + | * cos(0)0 (5)
% () (6)
Vy = E(l — 1l *xcos(0)) =1l *sin(f) x 0
Net force and torque analysis:
Ni 4+ Np = M(@ + L * cos(0)0 — | % sin(0)6?) (7)
P & Py = Mig— M{l% i) -+i%cos(0)6?) (8)
Ty = (Np+ Ng) %l *xcos(0), Tp = (Pr+ Pgr)*lx*sin( (9)
1,0 = Tp — Tn — (Tp + Tg) (10)
> Combine (7), (8),(9), (10):
)< (L + A[/Q)é = Mg * lsin(0) — M7 * lcos(0) — (T, + Tr) (11)
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Wheel Motion Model - Self Balance (Pt.2)

ELECTRICAL & COMPUTER ENGINEERING

o Tp + TR _ T+ Tr— (N + Ng)R (4)
N 2 2(& + mR)
N+ Np = M(& + L% cos(0)0 — | sin(0)6?) (7)

Combine (4) and (7):
I, +Tg

% +2m+ M)r = — M % 1cos(0)0 + M x lsin(0)6? (12)
R2

Because the robot can keep the balance at steady state by changing a tiny pitch
angle(8), we can linearize the parameters:

cos(0) =1, sin(@) =0, 6*=0
After simplification, we can get:

21, .. 1p+Tg
( Pz T 2m + M)i =

— MI0
(13)

I, + M0 = Mgl — Ml — (Ty, + Tr
Y




Wheel Motion Model - Rotation

Net torque analysis:

w )
% L = = (Ni — Np) (14)
/N
7 ; /\/Vk
i 170 : The relationship between the yaw angular acceleration and left and
: right wheel acceleration is:
. - Lf — IR
~~~~~~~~~~~ Y=—=
______ =-|'-.,_\ >j
............. After simplification:
; D
i = 1L~ 1k (15)
S 21 1D
R( 5 T pz T mD)
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Control System

e Physical Model
o Wheel Motion Model
o Leg Motion Model
e Control Theory
o Linear Quadratic Regulator(LQR) Algorithm
o Virtual Model Control(VMC) Algorithm
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Leg Motion Model

ELECTRICAL & COMPUTER ENGINEERING

D: the joint of the active and connecting legs

Parameter Declaration
Label | Meaning Unit
[ Half of the length of the body’s side. m
lo The length of the active rod. m
[3 The length of the connecting rod. m
2 The height of the body. m
Zmin | The minimum height of the body. m
Zmar | The maximum height of the body:. m
Nz The height scope of the body. m
o) The angle of the leg motors. degree
Qmin | The minimum angle of the leg motors. degree
Qmaez | The maximum angle of the leg motors. degree
A A: the center of the wheel motor
ﬁ B: the center of the robot body
C: the center of the leg motor




Leg Motion Model E

By using Pythagorean
theorem:

12 = (2 + lysin(a))? + (I — lycos(a))?

= \//% — (l1 — lycos(@))? — lzsin(a) | (16)
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Leg Motion Model - Support Phase E

/\FZ Net force and torque analysis:
LI e F, =Py + Pr— Mg (17)
@ \
T, = (Pr—PL)x = (18)
T v :
L 7 J /) After simplification, the end-effector forces are:
/D
R (., FE+Mg T,
P = 2 D 19
C i F,+Mg T, (19)
D , | Pr = 5 +5
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Leg Motion Model - Five Link model

By using the principle of virtual work:

— 2T x 0o = P %0z P represents P;, or Pg. (20)

Take the derivative of z w.r.t a in (16):
(Iy — lscos(a))lasin ()

gy =
z [\/12 (ly — lacos())?

+ lycos(a)]da (21)

The relationship between torque and
end-effector force:

(1, — lo(os( ))lasin(a)
\/l% — (l; — lycos(a))?

+ lycos(a)] * g (22)

r=-|

ELECTRICAL & COMPUTER ENGINEERING




Control System

e Physical Model
o Wheel Motion Model
o Leg Motion Model
e Control Theory
o Linear Quadratic Regulator(LQR) Algorithm
o Virtual Model Control(VMC) Algorithm
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LQR Algorithm - State Space Model (Pt.1)

Summarize the wheel motion equations: —bd c+b
) : T = — 0+ — I+ 71
(aZ = TL 1 TR — b ac — be l acC — be< b —1_ R)
¢ cl =db — ei — (T, + Tg) & = ad a-+e
. | = i — (I + Tg)
{ ¥ = f(I1 —Tg) ac — be ac — be
( 2]'111 ‘ — f —
a= R e + 2m 4+ M) L f(TL TR)
b= MIR
c=1,+ M Determine the state vector and input vector
8 g S e
=Dy X = [v,,6, 6,9,
- 1 n = [Tg, Tal*
\ R(2 + L2 + mD)
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LQR Algorithm - State Space Model (Pt.2)

The state space model is:

& & Q9 O

e i ) G D e

0
—bd

ac—be

ad
ac—be

OO 0O = OO

ELECTRICAL & COMPUTER ENGINEERING

sux B s Y cus QY o i cun: T e

& =0 & e =

0
c+b

ac—be

0

ate

ac—be

0
f

Wheel Model Parameters

Label Value Unit
m 0.174 kg
M 3.848 kg
I, 1.4741 x 10~* | kg - m?
Ty 3.7049207 x 1072 | kg - m?
L 6.563965 x 1072 | kg - m?
R 0.03 m
[ 0.152 m
D 0.3504 m
g 9.81 m/s*




LQR Algorithm - State Space Model (Pt.3)

Plug in the parameter values:

Check controllability :

C(A, B) = [B|AB|A®B|...|A’B],C(A, B) € ™" —— rank(C(A, B)) = 6 — Controllable

ELECTRICAL & COMPUTER ENGINEERING

0
0
0
0

1 0 0
—bd
0 ac—be 0
0 0 1
0 =% 0
0 0 0
0 0 0
0 0
c+b c+b
ac—be ac—be
0 0
___a+te ___a+te
ac—be (1.{'—1)(-’
0 0
r —f

0
0
(

o O M

)

) 0
)
)

-

—
o~
’

(

0
21.0112
0
—105.5102
0

—
R

| 67.6110

0
—14.7416

0 1
114.0117

0

0

0
21.0112
0
—105.5102

—67.6110

o O

— o~ —
¢ ’—A [ ) ( )




LQR Algorithm - Stability Analysis

The eigenvalues of A matrix:

A =[0,0,10.6776, —10.6776, 0, 0" Unstable

Feedback control:

k k kia k ke Eia
= —KX where B = { 11 Ri12 K13 Kia K15 Kie

ko1 koo ko3 Koy hos Kog

The cost function is:

J= / (X'QX +u' Ru)dt

J 0
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LQR Algorithm - Feedback Gain Selection E

Matrix Q and Matrix R;

10 0 0 0 0
0 20000 0 0 0 0
0 0 90000 1 0 0 1500 0
“=1lo o 0 1 0 0 *R_{ 0 1500}
0 0 0 0 20000 0
0 0 0 0 0 0

By using Matlab, the feedback gain K is:

o _ [-00183 —25807 —0.2569 —1.1094 25820  0.1954
YT 120.0183 —2.5807 —9.2569 —1.1094 —2.5820 —0.1954
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LQR Algorithm - Simulink Model

Yaw

Left Wheel
Model — |

dtheta

\r ’ )\‘ '[/ Displacement(m) v
K11
\r ’ u V Velocity (m/s)
K12
4 <! RS
" N T Pitch Angle (theta) ()
+7 K13 ’ rad to degree1
/—K-L J\ >
\r A\‘ V Omega of Picth Angle (rad/s)
K14
/-K-L o >IK\ >
~J \/ [ Rotation Angle (psi) (*)
K15 rad to degree2
4“ » 1 >
\r L Omega of Rotation Angle (rad/s )
K16

T

=

TR

» 861 '

TR

B

Torque

A

Y

Right Wheel <

Model —

>822
=

QL

ELECTRICAL & COMPUTER ENGINEERING

state vector
dot(x) = dx

dot(dx) = A23-x3 + B21-TL + B22:TR

dot(theta) = dtheta

dot(dtheta) = A43-x3 + B41-TL + B42-TR

dot(psi) = dpsi

dot(dpsi) = B61-TL + B62TR

TL=- (K11-x1 + K12:x2 + K13-x3 + K14:x4 + K15:x5 + K16-x6)

TR= - (K21-x1+ K22:x2 + K23:x3 + K24-x4 + K25-x5 + K26-x6)



LQR Algorithm - Velocity Simulation Test Result (State Vector)

Set Velocity to
0.5 m/s

1s converge

0.5

Almost no
rotation

Pitch Angle (theta)
—

\

Omega of Rotation Angle

rad/s




LQR Algorithm - Velocity Simulation Test Result (Input Vector) I

| 11.437¢-01|
O

0.1437 Nm
Meet our

requirement
(< 0.3 Nm)




LQR Algorithm - Rotation Simulation Test Result (State Vector)

Set rotation
angle to 30°

0.5s converge

Almost no
translation

Displacement(m)

B

Pitch Angle (theta)

Rotation Angle (psi)

Omega of Picth Angle

rad/s)

Omega of Rotation Angle (rad/s
. d . it &




LQR Algorithm - Rotation Simulation Test Result (Input Vector) I

I 7 ¥ Trace Selection

[—=nl| I

¥ ¥ Peak Finder
» Settings

» Peaks

Left: -0.2773 Nm \
Right: 0.2773 Nm '».ﬁ
Meet our

requirement [fEs—s

/L v

\

|
281

\

H




Control System

e Physical Model
o Wheel Motion Model
o Leg Motion Model
e Control Theory
o Linear Quadratic Regulator(LQR) Algorithm
o Virtual Model Control(VMC) Algorithm
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VMC Algorithm - Spring-Damping System

The force spring-damping system model: Leg Model Parameters
. " , A T - Label Value Unit
7., = A-’l(*'?desired — ~) -+ (1(() — h;) = M?Z 7 3818 >
I, | 70768703 x 1072 | kg - m?
The torque spring-damping system model: 5 ! %‘?15 m
9 . m
) . [3 0.18 m
Tl, — ,l‘zc) -+ (_‘;2(() — q)) — ]T() D 0.3504 m
g 9.81 m /s
The motor output torque and end-effector forces:
i P k1(Zdesived — 2) — C12 + Mg ko — ca¢p
[{ — lscos(a))lasin(a P L= N
= = leost@ipsin(@) |\ o0 P 2 D
\/l§ — (I — lycos(a))? 2 k1(Zdesireda — 2) — 12+ Mg ko — o0
‘ Pr = 5 -+ D
\

P represents P LorP_R
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VMC Algorithm - Simulink Model

V\ Virtual Force(N) T h e fo rce
/ Acceleration in z axis(m/s2) | | «— Stri ng_dam ping System

z" L 1 L
Velocity in z axis (m/s)
02 o) @' SNSRI s > model
. Fy i z 'L/ Displacement in z axis (m) |

z_desire k1 | ™

h 4
U | -

Virtual Force F_z

)

‘ c1
oo~ R

P coef
Right leg motor torque (N.m)

coef
Right leg end-effector force (N) g l

Left leg end-effector force (N)

J\ >
ly Left leg motor torque (N.m)

coef

\

Mg

Mg

The torque
string-damping system

Od e I b Virtual Torque (N.m) v Motor Torque
1 | -
\ .D,\ Roll angle acceleration (rad/s2)

» 1

Roll angel angular velocity (rad/s)

0 -K- - P - » - 1
Tx phi” phi’ phi Roll angle (rad)

11 x
<—

c2

v |-

U | -

Virtual Torque T_x

phi_desire

ELECTRICAL & COMPUTER ENGINEERING




VMC Algorithm - Elevation Simulation Test Result (Internal Variables) I

Virtual Force(N) Velocity in z axis (m/s | ¥ Trace Selection
T o T T T T T T T T . ) 18 T T

=]
=]
o

Set Elevation
Heightto 0.2 m

-
1
1
Acceleration in z axis(m/s2) Displacement in z axis (m)
0 ma | T
| | = &
! 0z} @ b

H

0.5s converge |

I

b bt e s e e e " e i e O e



VMC Algorithm - Elevation Simulation Test Result (Torque)

Right leg motor torque (N.m

Y %Y Trace Selection

2.944 Nm

Left leg motor torque (N

Meet our
requirement
(<7 Nm) [T

Left leg motor torque (N.m
|

# ¥ Cursor Measurements ax
» S¢
v Measuren

1]

ttings
nents
Time

0.000e+00
0.570

Value
2.944e+00

2, 9.186e-01

AT 570033ms AY 2.025e+00
1/ AT 1.754 Hz
AY T 3 (/s)




VMC Algorithm - Adaptive Suspension Test (Internal Variables) I

Roll angel angular velocity (rad/s ] |3 ¥ Trace Selection
1 S— T

I T T I T
112 [L] 112 Roll angle (rad) -
1 0 1

* ¥ Peak Finder LR

Virtual Torque (N.m

» Settings

S t . .t. I I I E v Peaks
e I n I Ia ro \ m lemeE-‘ hmu:D
a ng Ie tO O 2 rad 10 | 1.063e-05 0.730
) m 5.594e-07 0.884
n -1.938e-06 2.904
# ¥ Cursor Measurements ax

» Settings

¥ Measurements

Robotisina
tilted position [

Time

1| 0.500
21 7.500

AT 7.000 s AY 3.089%e-04

yyvvy

Roll angle acceleration (rad/s2 Roll angle (rad)

1/ AT 142 857 mHz
AY I AT 44 135 (/Ms)

0.5s converge




VMC Algorithm - Adaptive Suspension Test (Torque) I

Right leg motor torque (N.m = 1% ¥ Trace Selection

2| ' | ‘ ‘ A Left leg motor torque (N.... ~

1 r'\ # ¥ Cursor Measurements ax
g » Settings

¥ Measurements

|

|

i

|

I

: — Time Value

J (] 0.000e+00 4.368e+00
: 1 23 0.570 9.448e-01
: ‘ AT 570.033ms AY 3.424e+00
I
I
1
I
|
|

1/AT 1.754 Hz
AY / AT 6.006 (/s)

Left: 4.4Nm §
R@Nh25Nm¢T : \
Meet our Lathog ek oo e
requirement | f-" %

<7Nm) NS |




Conclusion & Highlights

e Mechanical Structure
o Carbon fiber plates with 3D printed parts

e Electrical System

o Highly integrated microcontroller board & power board

e Embedded Software

o Multi-protocol communication and IMU sensor fusion

e Control System

o Hybrid control of wheel and leg motors.
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Future Work T

e Mechanical Structure

o Bigger wheels with more powerful motors

e Electrical System

o More powerful microcontroller

o IMU heater circuit

e Embedded Software
o More sophisticated IMU filtering algorithms, e.g. Extended Kalman Filter (EKF)

e Control System

o Remodeling the leg linkage motion

o Jump state analysis with ground detection
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Thank You For Watching
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