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ABSTRACT

This thesis presents the hardware and control development for a high-speed quadruped robot with a
high driving force. A developed quadruped robot called SPINE has built by using high torque and high
fidelity force controllable SEA, biarticular designed based leg and carbon-based body.

The locomotion of a quadruped robot is achieved by SLIP(Spring Loaded Inverted Pendulum) dynam-
ics. To achieve that the rotating workspace control and accurate and robust actuator torque control are
proposed. Additionally, to make a large driving force, an additional driving force compensation method

is proposed.

Keywords: Quadruped Robot , Driving Force , Series Elastic Actuator(SEA) , Spring Loaded Inverted

Pendulum(SLIP)



Contents

Abstract . . . . . L e i
List of Contents . . . . . . . . . . . e iii
List of Tables . . . . . . . . . e iv
List of Figures . . . . . . . . . e vii

1 Introuduction 1
1.1 Research Background . . . . . . . . . . . . e 1
1.2 Literature Review of Quadruped Robot . . . . . . . . .. ... ... . L. 2
1.2.1 Locomotion of Quadruped Robot . . . . . . .. .. .. ... ... ... ... 2

1.2.2  Driving Force of Quadruped Robot . . . . . . . . . .. ... o oL 3

1.3 Outline of Dissertation . . . . . . . . . . . 4

2 Design of Quadruped Robot 6
2.1 Actuator Design . . . . . . .. 7
2.2 LegDesign . . . . . . . e 10
2.3 Body Design . . . . . e 11

3 Control of Quadruped Robot 15
Actuator Torque Control . . . . . . .. ... . . e 17



3.1 Opverall Torque Control Algorithm . . . . . . .. .. ... ... ... ... .. .... 17

3.2 SEA Force Control in Real Environment . . . . . . . .. ... ... ... ... ....... 18
3.3 Motor Cogging Torque Compensation . . . . ... ... ... ... ... ... .... 20
3.3.1 Cogging torque measurement . . . . . . . . . ... e 20
3.3.2 Torque Ripple characterization and compensation based on multi-sine function . . 22
3.3.3 Experimental verification of proposed torque ripple compensation method . . . . . 24
3.4 Harmonic Geared Ripple Minimization . . . . . . . . .. .. ... ... .. 25

3.4.1 Influence of Harmonic Drive Torque Ripple as Disturbance in SEA Force Control . 25

3.4.2  Analysis of Torque Ripple and Accurate Force Control for SEA . . . . .. .. ... 26
3.4.3 Experimental Verification . . . . . . . ... .. oo 32
3.5 SUMINATY . . o v v et e e e e e e e e e 36
Locomotion Control based on SLIP dynamics . . ... .. ... .. .. ... ...... 39
3.6 Omne Leg Locomotion . . . . . . . . . . e 39
3.7 Two Legs Locomotion . . . . . . . .. ... . e 40
3.7.1 SLIP model of Sagittal plane of quadruped Robot . . . . . . .. . ... ... ... 41
3.7.2 Integrated Dual SLIP control for two legs hopping with synchronization . . . . . . 41
3.7.3 Experimental results . . . . . .. ..o Lo 44
3.8 Summary ... e e e e 45
Driving Force Control for High Speed Locomotion . . . . . ... ... ... ... .... 46
3.9 Observer Design . . . . . . . e 46
3.9.1 Nominal Modeling of Leg . . . . . . . . . . ... ... 46
3.9.2 Dymnamics Analysis . . . . . . ... 47
3.9.3 Design Ground Contact Force Observer . . . . . ... ... ... ... ....... 48

ii



3.9.4 Simulation Result . . . . . . . . . . 49

3.10 Driving Force Compensation in SLIP dynamics . . . . . .. .. .. ... ... ... .... 51
3.10.1 Design Force Compensation Algorithm . . . . . . ... ... ... ... ... .... 51
3.10.2 Simulation Results . . . . . . . . . ... 52

311 SUMIATY . . o v v e e e e e 52

4 Conclusion 54

4.1 Contribution Points . . . . . . . . L 54
4.1.1 Development of Quadruped Robot . . . . . . . ... .. ... .. L. 54
4.1.2  Actuator Torque Control . . . . . . . . .. . .. 54
4.1.3 Locomotion control based on SLIP dynamics . . . .. ... ... ... ....... 55
4.1.4 Driving Force Control for High Speed Locomotion . . . .. ... ... ... .... 55

4.2 Future Plan . . . . . . .. 55

iii



List of Tables

2.1

2.2

2.3

3.1

3.2

The actuator specification . . . . . . . . . . . e 10
The parameters of leg . . . . . . . . . e 12
Comparison with other quadruped robot . . . . . . . . . . ... .. ... .. ... ..... 14
Parameters of multi-sine function for motor cogging compensation . . .. ... ... ... 23
Parameters of sum of sine function . . . . . . .. .. ... L oL 31

iv



List of Figures

1.1

2.1

2.2

2.3

2.4

2.5

2.6

2.7

3.1

3.2

3.3

3.4

3.5

3.6

Flow of overall thesis . . . . . . . . . . . . . . e 5
Spine-Involved Natural dynamics-driven robot with Elastic Actuators(SPINE) . . . . . . . 7
Structure of modularized Series Elastic Actuator . . . . . . . ... .. ... L. 9
Schematic of EtherCAT connection . . . . . . . . . . . ... ... .. .. ... . ...... 9
Serial and Biarticular coordination . . . . . .. .. .. L L Lo 11
Developed robot leg . . . . . . . . e 11
The structure of body . . . . . . . . 13
Dynamic behavior of robot with using spine strucuture . . . . . . . ... ... ... .... 13
Schematic of overall locomotion control . . . . . ... ... L oL L 16
Block diagram of SEA . . . . . . . 18
Proposed PD control algorithm . . . . . . .. ... L 19
Difficulty to achieve SEA force control . . . . . . .. . ... . L oL 20

Results of torque ripple with respect to position. Gray lines represent each trial, and black

line is the average. . . . . . . .« . e 21

Frequency domain analysis of torque ripple. Gray lines represent each trial, and black line

isthe average. . . . . . . . . . L L 22



3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

Multi-sine function with respect to the position.. . . . . . . .. .. ... .. ... ... .. 24

Experimental results of velocity control(0.1RPS). . . . . . .. ... ... ... .. ... .. 24
Output velocity in frequency domain analysis. . . . . . . .. ... ... . 0. 25
Force control of SEA with adding the ripple model . . . . . . ... ... ... ... .... 27

(a)Ripple position when circular spline is fixed (b)Harmonic drive torque ripple measure-

ment method in SEA system . . . . . . . .. ... 28
The characteristics of the harmonic drive torque ripple . . . . . . . . .. .. .. ... ... 30
Sum of sine function with respect to motor position . . . . . ... .. ... ... 31
The block digram of proposed force control algorithm in SEA system . . . . .. ... ... 32
Experimental setup . . . . . . .. Lo 33
Experimental results of velocity control(0.1IRPS) . . . .. . ... ... ... ... ..... 34
The compare when load is rotated in low velocity . . . . . . .. .. ... ... . ... ... 35
The results when the load is rotated with certain pattern . . . . . ... . ... ... ... 36
Experimental results when the high gain is applied . . . . . .. .. ... ... ... . ... 37
One leg structure with modularized SEAs . . . . . . . ... ... ... ... ... .. 39
(a)Rotating workspace coordination (b)SLIP model . . . . . . .. ... ... ... ... .. 40
One leg locomotion control . . . . . . . . . . . 40
(a)Dual SLIP model (b)integrated dual SLIP model . . . .. .. ... ... ........ 42
Dual and integrated SLIP coordinate . . . . . . . . . . . .. . ... ... ... ... ... 42
Overall control algorithm for two legs hopping . . . . . . . ... ... ... ... .... 43
Experiment results without proposed control . . . . . . ... ... ... . L. 45
Experiment results with proposed control . . . . . .. ... ... oL 45
Schematic of biarticular robot design . . . . . . . .. ... oL L 46

vi



3.29 Generated force during contact with environment . . . . . . ... .. ... o0 49

3.30 Block diagram of ground contact force observer . . . . . . ... ... L. 50
3.31 Observer simulation results . . . . . . . . . .. .o 51
3.32 Control algorithm to compensate driving force . . . . . .. ... ... ... ... ..... 52
3.33 Simulation results . . . . ... 53

vii



Chapter 1

Introuduction

1.1 Research Background

The main purpose of this thesis is to design and control a quadruped robot with a high driving force to
achieve high-speed locomotion.

The quadruped robot has the potential advantage that can be used in the various site because it can
operate on uneven surfaces or uneven terrain, unlike wheeled robots that can only operate well on flat
terrain [1]. Because of these advantages, some quadruped robots are used in various fields. For example,
Bigdog was intended to be used as a military robot [2], ANYmal was used in the oil and gas industry
[3], and spot mini is employed in the construction site.

To operate the robot in such various places, having a high speed is one of the important capabilities.
For example, this capability can be utilized when the robot is delivered supplies to enemies cites in the
military, to agile motion in the rescue site, or to deliver goods in the service industry.

However, implementing high-speed locomotion in a real environment is still a challenging issue because

the robot keeps in contact with the ground. The loss of transmitted torque or the loss of driving force



that occurs at this time not only makes the robot unstable but also limits the speed.

To these ends, we first designed a quadruped robot SPINE with a total of 14 actuators and 13 degree-
of-freedom with a spine structure. The quadruped robot above contains SEA, which enables high fidelity
force control and high driving torque. In addition, it enables fast locomotion through the biarticular
design leg and lightweight body frame.

As a locomotion control, SLIP model-based control was used. Moreover to increase the driving force
for high-speed locomotion, the driving force observer-based compensation method is adopted in the
robot leg. With that design and control approach, we can develop a four-legged robot that can realize

fast locomotion with having a larger driving force.

1.2 Literature Review of Quadruped Robot

1.2.1 Locomotion of Quadruped Robot

A lot of remarkable studies have been conducted to realize the locomotion of quadruped robots. These
control approaches can be roughly classified into four categories.

The first approach is the gait pattern generation and open-loop control. With this approach, the
pattern is set to offline and position/force control is used to follow the gait pattern. In the case of
Minitaur [4], the motion is made in advance based on the motor position, and the walking is performed
using the position control of the motor. Doggo which is developed in Stanford also set different gait
pattern in advance, then the impedance control is used to follow the gait pattern [5].

The second approach is regenerated gait pattern with considering parameters. At this point of view,
the gait pattern is regenerated according to the speed, then position/force control is performed to follow

the gait pattern. For example, MIT cheetah 1 [6], the stance time of the gait pattern is changed according



to the speed. In MIT cheetah 2 [7], the gait pattern is changed with considering the scaled impact because
the impact is changed when the speed is changed. Especially In the case of cheetah 2, a stable and high-
speed state is maintained through this control approach.

The third approach is achieved locomotion with optimization parameters by environment state. This
approach optimizes various parameters such as gait pattern, footstep, joint torque according to the
current state. In the case of ANYmal [8], the gait pattern is optimized according to the state using the
technique called operational space control. Cheetah 3 is optimized ground reaction force according to
the speed using the model predictive control(MPC) [9].

The final approach is a model-based locomotion control. With this control, the locomotion pattern or
speed is achieved by changing the parameters of the leg model. The Spring Loaded Inverted Pendulum
(SLIP) model is the representative templates for analyzing natural dynamics-driven locomotion with
simple formulation[10]. In the SLIP model, it is assumed that the single leg as a point mass attached to a
pure spring[11]. It is focused on human/animals’ locomotion. With this approach, a legged robot’s loco-
motion can be rendered without providing additional energy. There have been several kinds of research
to realize spring behavior for hopping the robot leg[12, 13].

De.A et al. [14] is achieved different gait pattern of quadruped robot by analyzing based on SLIP
dynamics. Rashty,A.M et al. [15] is analyzed the leg speed by changing the spring stiffness of the SLIP
model. Our preliminary research also implemented the locomotion of one leg based on SLIP dynamics

[16].

1.2.2 Driving Force of Quadruped Robot

To achieve high-speed locomotion of quadruped robots, the driving force is one of the important capabil-

ities. Driving force is defined as the force that causes one to move. With a large driving force in the robot,



the robot can move faster. Some researches are tried to maximize the driving force by making a high
driving force foot. Moon et al. [17] tried to design a foot that can be increased static friction coefficient.
The foot is designed with a cleat and it is entered deeply when the surface is smooth to increase driving
force. Park et al. [18] designed the anti-skid foot which is inspired by Felidae. The claw mechanism has
scratched the floor when slip is detected, therefore it can maximize the driving force.

Some approaches are tried to increase traction force in control. Takemura et al. [19] tried to prevent
slip with increasing traction force. To achieve that, more actuator torque is compensated when slip is
detected.

However, this approach has the disadvantage of knowing information about the ground or ground

contact timing.

1.3 Outline of Dissertation

In this paper, the hardware design for the quadruped robot is described in Chapter 2. It consists of
an actuator, leg, and body design. In chapter 3 presents the locomotion control of a quadruped robot.
In the control chapter, the actuator stable and accurate torque controller, one and two leg locomotion
controller, and the driving force controller with contact force observer are introduced. Conclusion and

further research are presented in chapter 4. The overall flow is shown in Fig. 1.1.
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Chapter 2

Design of Quadruped Robot



Figure 2.1: Spine-Involved Natural dynamics-driven robot with Elastic Actuators(SPINE)

Our developed quadruped robot SPINE(SPine-Involved Natural dynamics-driven robot with Elastic
actuators) is shown in Fig. 2.1. This can be divided into mainly three parts, actuator, leg, and body.

The below section will be introduced the design principles and details.

2.1 Actuator Design

Selection of an actuator for use in a quadruped robot, there are three main criteria. Firstly, a high fidelity
force control performance should be produced. Secondly, the actuator should be maintained its stability
in response to impact, and finally, the actuator should be generated large driving torque.

To satisfy these conditions, we selected and developed Series Elastic Actuator(SEA). SEA has one of
the highest-fidelity force controllable systems, while there are various actuators that have been spotlighted
such as direct-drive motor and proprioceptive actuator [20] and elasticity of SEA can absorb the force

due to the impact. SEA embeds the series compliance between the geared motor with a high gear ratio



and the load [21]. This enables a collocated force measurement and feedback control based on it The
actuator torque is measured with the deformation of the spring.

The developed SEA is shown in Fig. 2.2a. This SEA is modularized with an embedded motor driver.
In order to maintain a compact size, the following PCB design which is shown in Fig. 2.2b was made
and connected to the SEA. Through the above PCB design, the motor driver and encoder wire can be
connected to the actuator.

To generate a large torque, we used a drone motor. It uses the BLDC motor with high torque
density. Moreover, it is suitable for robots that required a large number of actuators because of a cheap
price [22, 5].

As a gear, we selected a harmonic gear with a high gear ratio. A harmonic drive is remarkable because
it has extremely low backlash, small volume, and weight for a high gear ratio. Therefore, the nowadays
harmonic drive is widely utilized in SEA such as humanoid robot [23] and quadrupedal robot [24].
Through this motor and gear, it was possible to generate a high torque of over 100Nm.

Also, we developed a torsional spring and the torsional spring unit is connected to the absolute
encoder which has 19-bit resolution. This high-resolution encoder enables precise force measurement.
Detail specification is shown in Table.2.1

The above SEA is made to be controlled using EtherCAT communication. When using EtherCAT
communication, there is an advantage of being able to connect only by LAN line. NI IC-3120 controller
was used as the EtherCAT master, ElImo gold twitter was used as the slave, and Labview was used as
the overall control software. The schematic diagram of the connection between the actuator, controller,

and host is shown in Fig. 2.3.
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Table 2.1: The actuator specification

Series Elastic Actuator
Name Specification
Peak power(kW) 7
Cont. power(kW) 1.2
Peak torque(Nm) 245
Max cont. toruge(Nm) 88
Speed(rpm) 85
Torque resolution(Nm) 0.02
Gear ratio 100:1

2.2 Leg Design

Two-link robot leg design can be divided into two different configurations as shown in Fig. 2.4. One is
the conventional serial link configuration where Fig. 2.4a. It has two independent actuators. Another is
the biarticular link configuration. It consists of one monoarticular actuator and one biarticular actuator.
With biarticular configuration, It has more energy/torque efficiency than serial configuration and it can
transform easily to make SLIP dynamics [25]. Because of those advantages, we developed the biarticular
design based robot leg.

The developed robot is shown in Fig. 2.5. It has three actuators, and three degrees of freedom. It has
hip side swing joint(6}), hip anterior joint(6,,), and knee joint(6;,). The detailed parameters are shown in

Table.2.2. Additionally, the rubber-based foot is designed to minimize slip and maximize driving force.

10



(a) Conventional serial coordination (b) Biarticular coordination

Figure 2.4: Serial and Biarticular coordination

O Knee joint SEA

(O Hip joint SEA
(Flexion, Extension)

Hip joint SEA
(Abduction, Adduction)

v

Figure 2.5: Developed robot leg

2.3 Body Design

The body is designed with mainly two criteria. First is the body length to width ratio. Body length to
width ratio can affect its stability and locomotion speed. When the body length to width ratio is low,
the robot can stable however it cannot achieve fast locomotion. Meanwhile, when the body length to
width ratio is high, the robot can unstable, however, it can be achieved fast locomotion. Therefore, we
developed the body to make a high length to width ratio. Table.2.3 compare other robots and our robot.
Our robot has a large length to width ratio compared to other robots.

11



Table 2.2: The parameters of leg

Leg Parameter
Name Symbol Value Unit
Leg Mass m 1.5 kg
Link 1 mass mq 1 kg
Link 2 mass Mo 0.5 kg
Link 1 length || {4 0.5 m
Link 2 length || I3 0.5 m

Another principle is the overall weight. In order to reduce weight, we designed a body frame as
a carbon. Carbon has advantages that can be lightweight and large hardness. The frame is shown in
Fig. 2.6. The carbon plate which is shown in Fig. 2.6a is fixed the actuators and the bracket where
Fig. 2.6b is fixed with the carbon plate and pipe.

Additionally for further research, spine structure is adopted to our robot. The spine is designed with
connecting two SEAs. The stator of the spine is connected with the rear body and the rotor of the spine
is connected with a front body. With that structure, the robot can move more dynamically and help to

generate more driving force as shown in Fig. 2.7.

12



(a) Carbon pipe and frame

(b) Bracket to fix pipe and frame

Figure 2.6: The structure of body

Figure 2.7: Dynamic behavior of robot with using spine strucuture

13



Table 2.3: Comparison with other quadruped robot

Robot Specification

Name MIT Boston Dynamics ETH DGIST
(Cheetah 3) | (Spot Mini) (StarlETH) (SPINE)

Mass(kg) 45 32.5 23 25(w/o battery)

Length*Width(m) 0.6%0.256 1.1%0.5 0.5%0.37 0.64*0.25

Length to Width Ratio || 2.34 2.2 1.35 2.56

Leg Length(m) 0.34 0.5 0.2 0.25

Actuator Toruge(Nm) || 230 unknown 40 257

Number of Joint 12 12 12 14

DOF 12 12 12 13

14




Chapter 3

Control of Quadruped Robot
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The main aim of this chapter is to design a locomotion controller that can achieve high speed with a
high driving force. The overall algorithm is shown in Fig. 3.1. It has consisted of mainly three parts.

The first part is the SEA torque control. When the robot leg is walking or running, the dynamics
reaction force affects the robot continuously, therefore force control is applied to the leg to respond against
this external force. Moreover in this paper, locomotion control is performed based on SLIP dynamics,
then precise force control is significantly important to implement SLIP dynamics.

The second part is task space control to make desire SLIP dynamics. As explained in the introduction
part, the SLIP model has the advantage of simple human/robot locomotion implementation. To do this,
the legs have to spring behavior, and the legs should be a swing back and forth. This control is designed
in task space therefore, the coordinates should be converted from joint space to task space.

The last part is driving force control. Driving force is the force that is generated when the robot
touches the ground. The driving force pushes the robot forward and enables faster locomotion. Therefore,
in this paper, we will estimate the driving force when controlling based on SLIP dynamics and further
compensate for the driving force to create a larger driving force and thus realize faster locomotion. In
summary, through the above three methodologies, it is possible to realize the locomotion of the robot
with the high driving force of the robot.

In the sections below, a detailed process of these methodologies will be introduced.

1. Joint torque control 2. Task space control 3. Driving force control

Tm o =)

w,

,,,,,,,,,,,, Driving force J ¢

attack angle :

spring dynamics- ﬁ

Accurate torque control Make desire SLIP dynamics Adding more driving force

ﬂ Task space position ﬁ ﬂ Generated driving force

Figure 3.1: Schematic of overall locomotion control

Desire torque
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Actuator Torque Control

3.1 Overall Torque Control Algorithm

As a quadruped robot locomotion, the load is changed when the robot is contacted with the ground.
Therefore, the control algorithm should be maintained robustness and stability when the load is changed.
Therefore, we designed the control algorithm by assuming the load is fixed.

SEA dynamics can be described with a two-mass system which is shown in Fig.3.2. Motor-side
dynamics is represented by motor inertia .J,, and damping B,,. 6,, and 6; are motor and load angle
respectively while N,, is harmonic drive’s gear ratio which amplifies the output force of the SEA. K
is stiffness of elastic transmission (i. e., spring) and 6, is a spring deflection. It can be rewritten as
0, — N,,10,,. Load side dynamics is represented by load side inertia J, and damping B;. Assuming the
load is fixed, then the 8, becomes zero. Therefore, two mass dynamics can be converted to one mass
dynamics.

In this case, the dynamics of torque input(7,,) to torque output(7s) can be described as follows;

Ts K (3.1)

T JmS2 + Bms + K

To control the torque, PD and feedforward controller are added to the above dynamics. With those

controllers, the complementary transfer function can be described as follows;

Ts Ks<kp + kds) + KSF (32)

T4 - Ims% + Bpms + Kg + Ks(kp + kqs)

where, 74 is desire torque, k, and k4 are a p and d gain of PD controller, and F is feedforward term.

To achieve critically damping condition, the feedforward term should be made as —kg4s + 1. Then, (3.2)

17



Load side dynamics

Text T | 1 0[
e | | J;s2+Bjs g
Spring side dynamics
+ —
dT +\ /7-3 /KI, (98 fv
re < SIS
\I n
A
Tm A - 1 -
7 Jms2+B,,s 0,,
Motor side dynamics
Figure 3.2: Block diagram of SEA
can be rewritten as follows;
T kkp + k (wn)? (3.3)

T JmS® + (Bm + kka)s + kky + k(s +wn)?
Then, the —kg4s term presents the d gain controller, then the overall torque control algorithm can be
described as shown in Fig. 3.3. With those control algorithms, The SEA torque control is maintained

stable when the load is changed.

3.2 SEA Force Control in Real Environment

To achieve accurate control of the SEA in a real environment, it is necessary to remove the actual
nonlinearities as shown in Fig.3.4. These nonlinearities should be removed with hardware or software
aspects. As a hardware aspect, The 1st backlash and 4th stiffness uncertainty were mechanically designed

18



SEA

Figure 3.3: Proposed PD control algorithm

to be minimized in the development of this research team, and the 5th measurement noise was also

minimized by using a high-resolution absolute encoder. In addition, it is judged that the input and

output limits of No. 3 are sufficient to perform the task.

Therefore, it can be seen that a method of dealing with nonlinearities such as friction and ripple

which is an obstacle to performance improvement, is needed. Ripple occurs into two components of the

actuator. First is a motor cogging torque ripple. There are two main causes of the torque ripple. One is

the effects of harmonic behavior of the back-emf that occurs when the motor rotates. The other is the

influence of an interaction between the stator’s electromagnet and the rotor’s permanent magnet. It is

a serious problem because we used a drone motor which has requires more magnetic poles and windings

to generate a high torque. The second is harmonic drive torque ripple. This torque ripple is generated

when the flexspline is deformed. This ripple affects the system in the form of disturbance, and thus the

force control performance of SEA is limited.

Therefore in the below sections, methods to eliminate motor cogging torque and reduce harmonic

ripple effect will be described.
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Figure 3.4: Difficulty to achieve SEA force control

3.3 Motor Cogging Torque Compensation

3.3.1 Cogging torque measurement

The torque ripple of the BLDC motor can be measured in various ways such as utilizing torque sensor [26].
However, the torque sensor method requires a specific testbench to measure the torque ripple. Hence, it is
hard to generalize for the diverse actuator types which are already adopted in their robotic applications.
Cost is another disadvantage of this approach.

To overcome the limitation of torque sensor-based ripple measurement, in this section, the sensorless
approach has been conducted. The torque ripple is derived using input torque with the motor dynamic

equation.

20



The dynamics of the actuator is given by

I = Ty — B — dpn, (3.4)

where 7, is the input torque, d,, is distubance which contains torque ripple, J,, is the motor inertia
and B,, is the damping. To measure the torque ripple accurately, the other terms except d,, should be
eliminated. To eliminate § term, the angular velocity 6 should be minimized and controlled to eliminate
acceleration term 0. Then, the (3.4) yields that 7, ~ dy,.

The torque ripple is measured through several trials, and the average is obtained. Fig.3.5 shows that
the torque ripple has dominant characteristics with respect to the absolute position. In the frequency
domain analysis in Fig.3.6, eight dominant peaks exist which are proportional to 22 Hz (11, 22, 44)
and 24 Hz (24, 48, 72, 96). The characteristic numbers, 22 and 24, are the number of rotor poles and

windings. Apart from the motor characteristics, the ripple of harmonic drive causes 2 Hz oscilation.

1

0.5 ‘ i
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| | | | | | | |
0 0.2 0.47 0.67 0.87 T 1.27 1.4m 1.67 1.87 2
Absolute position[rad]

-1.5

Figure 3.5: Results of torque ripple with respect to position. Gray lines represent each trial, and black

line is the average.
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Figure 3.6: Frequency domain analysis of torque ripple. Gray lines represent each trial, and black line is

the average.

3.3.2 Torque Ripple characterization and compensation based on multi-sine

function

To compensate the influence of torque ripple, the measured torque ripple should be characterized with
respect to a position as a function. Nonlinear least squares method in curve fitting toolbox of Matlab® is
used to generate the function which is composed of the multi-sine signal. This is defined as >_ ap, sin(b,z+
on ), where a,, is the magnitude, b,, is the frequency and o,, is the offset.

Fig. 3.7 shows the plot of the generated multi-sine function and the measured torque ripple with
respect to the position. This function contains 8 kinds of frequencies, amplitudes, and offsets which
represent the measured torque ripple with 0.0582 of RMS error. Table 3.1 shows parameters of multi-sine
function.

The generated function with the measured current position is used to reject the influence of torque

ripple in the controller.
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Parameters of multisine function

n G, by, On

1 0.3277 21.9918 1.1717
2 0.1827 71.9527 -1.6908
3 0.1392 23.9952 -0.6275
4 0.1170 95.9747 -0.8491
5 0.0813 47.9499 -1.6509
6 0.0779 43.9626 2.5016
7 0.0742 1.9894 0.1486
8 0.0644 11.0101 -1.5604

Table 3.1: Parameters of multi-sine function for motor cogging compensation
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Figure 3.7: Multi-sine function with respect to the position.

3.3.3 Experimental verification of proposed torque ripple compensation method

To evaluate the effectiveness of the proposed method, velocity control experiments are conducted.

Fig. 3.8 shows velocity response with the reference of 0.1 RPS. The velocity response with the proposed
method shows the improved performance in terms of reduced torque ripple by 74.5 %.

The frequency domain analyzes shows the effect of torque ripple in Fig. 3.9. The reduced torque

ripple effect is observed at the frequencies related to ripple (22 Hz and 24 Hz).
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Figure 3.8: Experimental results of velocity control(0.1RPS).
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Figure 3.9: Output velocity in frequency domain analysis.

3.4 Harmonic Geared Ripple Minimization

3.4.1 Influence of Harmonic Drive Torque Ripple as Disturbance in SEA

Force Control

In this subsection, the dynamics of force-controlled SEA is analyzed when the harmonic drive torque
ripple affects the closed-loop system in the form of disturbance. Then, the new algorithm to reduce the

effect of ripple for force control is proposed. To do that, SEA dynamics is modeled.

Force control of SEA

The aim of force control is the regulation of transmission force which is a deflection of spring. In force
control, K,0s, which is multiplying the measured stiffness and the spring deflection, is utilized as
feedback signal. Therefore, accurate spring deflection control is important. However in SEA system, the
ripple is exerted to 0, as a disturbance, dy = f(—:. Thus, it affects to spring deflection measurement, then
it deteriorates accurate force control.

The closed-loop system response of SEA can be written with consideration of reference and distur-
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bance including the ripple and external torque as follows:

_ Nn_@leCpTref - PlTewt Nn_llenCme + N7;2K5Pm + Ks—Pl d (35)
14 Noy'KeCyPr + N2 K Py, + KoPy 14 Nt KoyCpPry + N2 K P, + K P, o

S

P, (s) = m is described as the transfer function of motor input torque to motor position and
P(s) = m is described as the transfer function of load side input torque to load side position.
To improve reference tracking and disturabnce rejection performance, increase of control gain of C), is
required. However, increasing C, amplifies dg.

To reduce the influence of increased dy, accurate force observer which filters dg in the measured 0, is

designed as shown in Fig. 3.10. With the designed observer, (3.5) is rewritten as,

_ NnZIPmeTTef — PiTeqt
14 Np'KoCpPy + N2 K Py + K. P,

S

-1
_ N Ksncp_lzm (de B de) (3.6)
1+ Np KsnCp Py + N " K Py + K P

B N;2K,P,, + K.P,
1+ Ny 'K, Cp Py, + N> K P, + K, Py

dg

Assume that ripple model is accurate enough (i. e., éd:Qd), (3.6) can be simplified as,

o N;Llpmcpﬁef - Pl7—ext . _N;lszPm + KsPl d (37)
1+ Nop ' Ky Cyp Py + Nn2 Ko Py + KoPi 1+ Ny Ky Cy Py + Nn2 Ko Py + Ko By

S
The equation implies that the influence of ripple can be eliminate by modeling and filtering the ripple

accurately. Also, lowered noise sensitivity allows increase of the control gains in C),. Therefore, the high

performance of force control can be achieved with the proposed control algorithm.

3.4.2 Analysis of Torque Ripple and Accurate Force Control for SEA

In this subsection, torque ripple characteristic of SEA with harmonic drive gear is analyzed. The harmonic
drive torque ripple is measured and characterized based on analyzed characteristic.
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Figure 3.10: Force control of SEA with adding the ripple model

Ripple Analysis in SEA system

A harmonic drive consists of the wave generator, flex spline, and circular spline. The flexspline is deformed
when the wave generator rotates, and the relative motion between the circular spline and flex spline during
the deformation of flex spline induces a gear behavior. Torque ripple is generated when the flexspline
is deformed. As the wave generator is connected with the motor shaft, thus ripple formation depends
on a motor absolute position. However, in the SEA system, measuring the ripple as a measured motor
position value with encoder can be inaccurate.

For the rigid actuator case, for example, [27], the circular spline is fixed with the ground. In other
words, the motor position relative to the circular spline is equal to the motor position relative to the
ground. Thus, ripple occurs at the same motor absolute position relative to the ground as shown in

Fig. 3.11a. However, in the SEA system, the circular spline is attached to the spring unit. Therefore
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the circular spline is rotated when spring is deformed by 6. In this case, the ripple occurs in the motor

position relative to the circular spline. An encoder measures the motor absolute position relative to the

ground as shown in Fig. 3.11b, which makes the inaccurate ripple measurement as a motor position.
Therefore, to accurately measure ripple as a motor absolute position in the SEA system, the ripple

should be measured as 6,, — 0.

(a) (b)

Figure 3.11: (a)Ripple position when circular spline is fixed (b)Harmonic drive torque ripple measurement

method in SEA system

Ripple Measurement

Recent studies have tried to eliminate harmonic drive torque ripples by using a disturbance observer(DOB).
Lu et al. tried to do control with DOB-based adaptive learning control [28], Oh et al. used DOB to re-
ject disturbance in both load port and spring port [29]. These research achieve high performance when
carrying out force control. However, DOB cannot eliminate all disturbance characteristics because of the

bandwidth limitation. Therefore, elimination ripple with DOB is limited since its characteristics change
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with the actuation condition.

Other researchers have tried to analyze and compensate characteristics of harmonic drive ripple
through various approaches. Ripple measurement has been conducted with torque sensor on the har-
monic drive [27] or attached strain gauge in flex spline [30], [31]. To reduce the ripple effect, Kim et
al. proposed a novel filter-based controller with a switching notch filter [32]. This method successfully
eliminated the ripple at certain motor speed, however, the performance is limited by speed-dependent
ripple characteristics. To overcome this limitation, Jung et al. proposed the notch filter with based on
order characteristic [33]. Order analysis is performed by fourier transform with the equal spacing posi-
tion. With order analysis, the ripple can be characterized as a motor position and it fixed without the
change of velocity. However, this control algorithm requires low-level implementation on the FPGA for
resampling the signal.

In SEA system, when the load is detached, spring torque is zero because spring cannot transmit
the force to the load. However, spring torque is measured when ripple occurs. Because of this reason,
the spring torque and the motor position relative to spring deformation are measured during the motor
velocity control experiment with detaching the load. The values are measured when the motor speed
is in a steady state. The experiment is conducted in several trials, averaging done to reduce the noise
effect,and mean value is subtracted from to compensate spring offset. Results are plotted in Fig. 3.12.
To start with the same motor absolute position in each trial, homing method which initializes the motor
position using an encoder index pulse is used.

Fig. 3.12 shows that ripple has a dominant characteristic with respect to the motor absolute position.
In the order analysis, which is to analyze the number of events in one revolution of the motor, shows

four dominants peaks at 1, 2, 4 and 6-th order.

29



o
=)
&

Torque ripple [Nm|
o

-0.05 1 '
0.1} —
0 0.4 0.87 127 1.67 2T
Motor absolute position [rad]

003} |
2
O

= 0.02 ¢ -
=
Y

5 0017 :
=

0 1 1 1 T __.----"""I

0 2 4 6 8 10
Order

Figure 3.12: The characteristics of the harmonic drive torque ripple

Ripple Characterization with Multi-Sine Function

To make a ripple model, measured ripple is characterized with respect to motor absolute position.
Nonlinear least squares method in Matlab® curvefitting toolbox is used to generate function which is
defined as ) apsin(b,x + 0,,) where a,, is magnitue, b, is frequency and o,, is phase offset.

Fig. 3.13 shows the plot of generated multi-sine function and measured torque ripple with respect
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Figure 3.13: Sum of sine function with respect to motor position

Table 3.2: Parameters of sum of sine function

Parmaeters of sum of sine function
n an, by, On
1 0.04497 2.096 0.1603
2 0.0365 1.102 -3.322
3 0.02068 3.99 1.432
4 0.003512 | 6.054 1.128

to motor absolute position. The generated function contains four different magnitudes, frequencies and
offset. Table. 3.2 shows the parameters of generated multi-sine function. The RMS error is 0.0037 Nm,

thus the generated model is represented by measured torque ripple accurately.

Algorithm for Force control based on Ripple Model

The proposed algorithm for accurate force control is shown in Fig. 3.14. Multi-sine ripple function is

generated by 6, — 05, which is a motor position relative to the spring deformation. Then, this ripple

model is subtracted from the feedback the force.
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Figure 3.14: The block digram of proposed force control algorithm in SEA system

3.4.3 Experimental Verification

Hardware Description

Fig.3.15 illustrates the experimental setup to evaluate the effectiveness of the proposed algorithm. The
modularized Series Elastic Actuator (mSEA) is utilized. The Elmo motor driver collects two encoders
signals and transfers to the main controller cRIO through the EtherCAT communication. The bar is
attached to the load of mSEA to generate an external force.

With the proposed algorithm, the effect of the ripple is reduced, thus the control gain can be increased

to improve force control performance.

Experimental protocol

A proportional-derivative (PD) controller is adopted as a feedback controller C'(s). Four experiments are

conducted to evaluate the control performance; 1) evaluate the performance that characterized ripple
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Figure 3.15: Experimental setup

model can filter the ripple when load is attached, 2) force control performance when load rotates in low
speed with external force, 3) force control performance when the load rotates certain pattern, 4) compare

force control performance when high gain is applied.

Result of ripple model verification

Fig. 3.16 shows the results when the motor velocity is 0.1 RPS. The RMS error without proposed control
is 0.0514N-m, then it is reduced to 0.0140 Nm when the ripple model is utilized. This result shows that

the ripple model can filter 73% of the ripple effect.

Results of proposed force control algorithm

In the zero force control experiment, an external force is generated on the load side by a human.
Fig. 3.17 shows the result when the load is rotated at low speed. The measured spring torque is

measured more of uniform with the proposed method than without the proposed method. In frequency
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Figure 3.16: Experimental results of velocity control(0.1RPS)

domain analysis, the frequency deviation is reduced after applying the proposed algorithm because the
proposed algorithm decreases the ripple effect.

Fig. 3.18 is the experiment results when the load is rotated in a certain pattern. The time-domain
results show that the proposed control reduces torque ripple without reference to load direction. The red
square shows the ripple before and after the proposed control. In frequency domain analysis, torque ripple
frequencies are high as compared to Fig. 3.17, however, torque ripple is reduced after proposed control.
Therefore, this result verifies that the ripple is reduced by the proposed algorithm without reference to
frequencies.

Fig. 3.19 is the result when the high gain is applied to the controller. In this experiment, k,=3,
kq=0.006 and high external force is given to the system. Without proposed control, the spring torque

is uncontrolled because the controller amplifies the ripple effect. However, after adopting the proposed
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Figure 3.17: The compare when load is rotated in low velocity

control, the spring torque is controlled because the ripple effect is reduced as shown in the frequency-
domain analysis. It verifies that the proposed control algorithm can increase the control gain and achieve

the high force control performance in the SEA system.
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Figure 3.18: The results when the load is rotated with certain pattern
3.5 Summary

In this section, a controller is designed to make accurate and stable torque control. To maintain stability,

we designed a controller with assumption that load is fixed. Then, to accurate torque control we tried to
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Figure 3.19: Experimental results when the high gain is applied

elminiate the nonlinearities, which are motor cogging torque and harmonic torque ripple. To eliminate
motor cogging torque, coggin torque is characterized as multi-sine function, which has been obtained

from the experimentally measured torque ripple. The verification was conducted through the velocity
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control experiment with the torque ripple compensator based on the function. As a harmonic torque

ripple, we proposed the force control algorithm by adopting the ripple model to reduce harmonic drive

torque ripple and improve control performance in the SEA system. To make an accurate ripple model, the

spring torque is measured and characterized as a motor absolute position relative to a spring deflection.

The model is fomulated using a multi-sine function. In control, the generated ripple model is subtracted

with measured force when feedback. With velocity and zero force control experiments, it is verified that

the proposed algorithm achieves high performance to filter the ripple effect and a high gain can be applied

as compared to the conventional force control algorithm. With those control approaches achieved stable

and accurate SEA force control.
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Locomotion Control based on SLIP dynamics

3.6 One Leg Locomotion

In preliminary research in [16], Series Elastic Actuator(SEA) driven articulated robot leg has been
developed as shown in Fig. 3.20. The robot leg is achieved periodic hopping by natural dynamics with
SLIP-based locomotion. The control algorithm consists of three layers.

1) SLIP-based workspace control: To achieve the periodic robot hopping motion, the SLIP model is
used. To realize the SLIP model, hybrid control in the rotating workspace is adopted. In the workspace,
the leg can separate r-direction and 6- direction as shown in Fig. 3.21a. With impedance control in r-
direction make the leg pure spring behavior and position control in #-direction make the leg swing angle
as shown in Fig. 3.21b.

2) Joint space torque control: In joint space torque control, two SEAs in the leg are controlled torques
to maintain workspace desire behavior.

3) Rotating workspace transformation: To implement SLIP dynamics, workspace coordination and
joint space coordination should be matched. Kinematics is transformed joint space coordination to
workspace coordination. Jacobian is transformed workspace force to joint space torque.

In [34], optimal landing strategy is proposed to realize periodic leg hopping motion with zero cost

transportation.

Modularized SEAs - g
connected by EtherCAT oY 3 W for bi-articular joint

Linkage transmission
for mono-articular joint @

Figure 3.20: One leg structure with modularized SEAs
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Figure 3.22: One leg locomotion control

3.7 Two Legs Locomotion

Problem in Integration from Single Leg to Quadruped Robot

Preliminary researches are achieved single-leg SLIP based locomotion with an uncomplicated algorithm.
However, adopting this approach to quadruped robot is challenging because the quadruped robot legs

are cannot be modeled as a SLIP model. The robot’s legs are affected by body dynamics.
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Main Contribution

In this paper, a new control algorithm to achieve the SLIP model in the sagittal plane of a quadruped
robot is proposed. In section 2, a new model which is an integrated dual SLIP model is proposed that can
be analyzed two SLIP models with the body as a one SLIP model. In section 3, a new control algorithm
for hopping is proposed with integrated SLIP model impedance control. The experiment to verify the

control algorithm is conducted In section 4.

3.7.1 SLIP model of Sagittal plane of quadruped Robot

Fig. 3.23a is shown the sagittal plane of the quadruped robot and SLIP model of each leg. The legs
are attached with the body, therefore the pure SLIP model can not be achieved because body dynamics
affect the legs.

To make the sagittal robot hopping, making both legs the same SLIP motion is one of the approaches.
However, making the same SLIP motion of two legs is hard to achieved because the small force difference
between two legs is rotating the body and it disturbs the ideal SLIP motion.

To overcome this problem, the integrated dual SLIP model is proposed as shown in Fig. 3.23b. With
this model, the dual SLIP model with the body is transformed as a single SLIP model which has r;-
direction with spring dynamics and 6;-direction with synchronized attack angle. With this model, the

pure SLIP motion can be achieved by controlling the sum and difference of two legs forces.

3.7.2 Integrated Dual SLIP control for two legs hopping with synchroniza-

tion

In this section, a new algorithm for two legs hopping with an integrated SLIP model is proposed. The

overall control algorithm is shown in Fig. 3.25. The proposed controller has three layers.
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Figure 3.24: Dual and integrated SLIP coordinate
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Kinematics is used to transform the dual SLIP coordination to integrated dual SLIP coordination. Both

coordination is shown in Fig.3.24. In integrated dual SLIP coordination, r; is defined as the average of

two legs and ¢; is the angle between two legs.

The relationship between dual SLIP coordination and integrated dual SLIP coordination are repre-

sented as follows:

1
§(Tf +r.) =1

’I"f—TT

] = ¢;

The [ is the length of between two legs.
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Figure 3.25: Overall control algorithm for two legs hopping

Impedance control for integrated SLIP model

To achieve the hopping motion in integrated SLIP coordinate, the r; direction should be spring-behavior

and ¢; should be maintained as a zero to prevent rotating the body. Therefore, the r;-direction impedance

control and ¢;-direction PD controller is adopted.

Statics

To control the two legs, The forces F; and T; which are generated with integrated SLIP model impedance

control should be transformed as dual SLIP model forces Fy and Fi.

The statics of F;, T;, Fy, and F,. are given as follows:

1

(3.10)
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F,. and Fy are obtained by using the inverse statics as follows:

—1

N[
&)

- (3.11)

Then, the Fy and F, is applied to each leg to achieve single leg SLIP dynamics as refer to [16]. With

the proposed control algorithm, hopping motion with two legs is achieved.

3.7.3 Experimental results

In this section, the experiment is conducted to verify that two legs hopping with the proposed algorithm.

Experimental Protocol

The hopping experiment is conducted with constrained the robot body with test booms. Two experiments
are conducted to evaluate the proposed algorithm; 1)The hopping experiment with controlling two legs
separately. 2)The hopping experiment with the proposed control algorithm. The equivalent leg length of

two legs and the given stiffness of legs are equal.

Hopping Experiment

Fig. 3.26 shows the results without the proposed algorithm. Fig. 3.26a shows the generated forces front
and rear legs, respectively. Because F;. and Fy are controlled separately, the generated forces are con-
stantly changed during hopping motion. Fig. 3.26b shows the difference length between front and rear
legs. The average difference is 0.0175m. It was confirmed that only one leg hopping and one leg was
dragged to the floor.

Fig. 3.27 shows the results with the proposed algorithm. Fig. 3.27a shows the generated forces front
and rear legs. because of the proposed control algorithm, generated forces are same in each hopping

period. Fig. 3.27b shows that the proposed algorithm reduces the difference between two legs. The
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Figure 3.26: Experiment results without proposed control
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Figure 3.27: Experiment results with proposed control

average difference is reduced more than double with the proposed algorithm. And it was shown that two

legs hopping both.

3.8 Summary

In this section, the locomotion control based on SLIP dynamics is proposed. Our preliminary research
achieved one leg locomotion successfully, therefore we tried to extend one leg to two legs locomotion.

To achieve that, a new algorithm is proposed that allows hopping both legs by extending from the
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preliminary research. To make both legs of the SLIP model a one-leg SLIP model, an integrated dual
slip model is proposed. Then, impedance control with a dual slip model is proposed. The experiment is

verified the effectiveness of the proposed algorithm.

Driving Force Control for High Speed Locomotion

3.9 Observer Design

3.9.1 Nominal Modeling of Leg

To estimate ground contact force as a model-based approach, the floating leg model should be analyzed.
Therefore in this subsection, kinematics, statics, and dynamics are analyzed in cartesian coordination
Kinematics and Statics Analysis

The leg is designed by biarticular coordination. It consists of mono and biarticular actuators and with

this coordination, hip and knee joints can be operated separately.

(z,y)

Figure 3.28: Schematic of biarticular robot design
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The kinematics of biarticular coordination can be described as follows;

x =1lcosb,, +1lcosb
(3.12)

y =1Isin6,, + [sin b,

Where, (z,y) is the position of the end effector, 6, is the hip joint angle, 8, is the knee joint angle.
l is the length of the link. Note that in this paper, the length of the two links is the same.
To analyze statics, the jacobian matrix should be obtained. The jacobian matrix can be derived by

partial differentiation as follows;

T —sin#,, —sinf,| |0,, O

=1 =J (3.13)

U cos O, cos 0 0, 0,

Where J is the jacobian matrix. With jacobian matrix, the statics can be described as follows;

Tm F, —sinb,, cosb,, | |F,

T F, —sinf, cosf, F,

where Fy, F, are the forces in  and y direction in cartesian coordination. 7,,, and 7, are the hip and

knee joint torques.

3.9.2 Dynamics Analysis

Eq. 3.15 describes the two-link robot dynamics in biarticular coordination. The torque inputs 7,,,,7, and
joint angle 0,,, 0, are shown in Fig.3.28, , I; is the moment of inertia link ¢, m; is the mass of link 4, and

d; is the center of mass of the link 3.

T =1(8)(6) + C(6,6)(8) + G(6) (3.15)
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Where,

Tm
T P
Tb
Om
0 =
0
I, + moyl? madsl cos(0p — Or)
- (3.16)
madal cos(6y — 0,,) I
—madsl sin(Qy, — Gm)ég
C p—
madsl sin(0y — 0,,)02,
g(mydy + maly) cos Oy,
G P—
gmads cos 0y

3.9.3 Design Ground Contact Force Observer

When the robot is contacted with the ground, the ground contact forces F, and F‘y are generated as
shown in Fig.3.29.

Then the ground contact forces can be estimated as follows.

E, F, En
= Q(s)( - ) (3.17)
E, F, Fnr

where F; is the force that is applied to the leg in each direction in the cartesian coordinate, F;* is the
nominal force which is derived by floating robot dynamics. Q(s) is the q filter which is determined the
bandwidth of the observer. It is designed as low pass filter with first-order time constant(Q(s) = %4—1)
In order to implement the proposed observer, the forces(i.e. F,, F}) need to be replaced by the

actuator joint torques(i.e. 7,,,7). Therefore, the statics (3.14) is used.
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Forward

A

contact

Z

Figure 3.29: Generated force during contact with environment

By using statics equation, (3.17) can be rewritten as follows;

F, T T
= (JT) 7' Q(s)( - )
F Y Th T
(3.18)
. 1 cost,, —cosb,,
T = T, =)

sinf, —sind,

;v and 77" are the nominal torques which are derived dynamics as shown in (3.16). This equation

can be implemented just only by feedback of the joint angles. The overall algorithm of the observer is

shown in Fig.3.30

With this observer, the forces are measured only when robot is contacted with the ground.

3.9.4 Simulation Result

Simulation is conducted to verify that observer can estimate ground contact force. Matlab® Simscape is

used as a simulation tool. The locomotion is implemented based on the SLIP model which is introduced

in Section 3.5.

In Simscape Multibody, the x-direction frictional force(F}) and y-direction nominal force(F,) can be
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Figure 3.30: Block diagram of ground contact force observer

modeled. Therefore in simulation, the designed observer forces are compared to modeled forces. Q filter
is designed first-order lows pass filter(200Hz).

Fig. 3.31 is shown the F, and Fy forces when running situation. When the robot is in the flight phase,
ground contact forces should be zero because the robot has not interacted with the ground. Meanwhile,
in the stance phase, the ground contact forces should be generated.

The results are shown that the observer can observe both directional ground contact forces. As a
detailed analysis, the flight phase and F, in the stance phase error have existed. First, the error in the
flight phase is due to the modeling error. The two link dynamics is modeled based on assumption that
the endpoint is fixed. However, in the real leg locomotion case, the endpoint is not fixed because the leg
is fallen, and it occurs a slight error. However, this range is about 4N on average.

Another error can be seen in the F, stance phase as shown in Fig.3.31a. This is caused by the ground
friction coefficient. We set a friction coefficient(uy) as a 0.5. In this case, frictional forces are reduced

therefore the measured value is smaller than the estimated value.
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Figure 3.31: Observer simulation results

3.10 Driving Force Compensation in SLIP dynamics

3.10.1 Design Force Compensation Algorithm

To add driving forces in locomotion, the driving forces in the cartesian coordinate should be converted
to a rotating workspace coordinate. Jacobian matrix is used to transform the coordination.

Jacobian matrix can be described as follows;

F, Fr cos) —rsinf| |Fgr
=Jgr = (3.19)

F, Fo sinf  rcosf Fo

where Fg and Fg are generated forces and r and 6 are the positions in rotating workspace coordina-
tion.

With the jacobian transformation, driving force F, is converted to the forces in rotating workspace
coordination. Then, it is added to Fr and Fiheta with a multiplying gain coefficient. the gain should be
tuned carefully because the stability can be broken with a large gain. The overall control algorithm is
shown in Fig.3.32.
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Figure 3.32: Control algorithm to compensate driving force

3.10.2 Simulation Results

Simulation is conducted to verify that driving force control can achieve high-speed locomotion. Matlab®
Simscape is also used as a simulation tool. The kinetic friction coefficient(uy) is set as 0.5 and static
friction(mus) is set as 1. The SLIP model parameters is shown in Table.3.1

Fig.3.33 is shown the simulation result. These results compare body velocity with and without adopt-
ing the control algorithm. With the proposed algorithm, the robot can achieve high acceleration and high
steady-state velocity. The body velocity is increased more than 14% with the proposed algorithm. It is

verified that the driving force compensation algorithm can achieve high speed.

3.11 Summary

In this section proposes the driving force compensation algorithm to achieve high speed locomotion. To

make driving foce compensation, ground contact observer based on two link dynamics is also proposed. It

52



pr=0.5,p5=1 pr=0.5,p,=1 Interpolated velocity

20 2
@2
— 15 IS - 1.5
S = €
= S 1 E 1
210 S =
3 2 S os
o >0 [
5 ° >0
——control off o ——control off —
0 -0.5 —Control on
2 4 6 8 10 2 4 6 8 0 2 4 6 8 10
Time[sec] Time[sec] Time[sec]
(a) Body Position (b) Body velocity (c) Interpolated velocity

Figure 3.33: Simulation results

can estimate not only driving force but also ground reaction force without additional force sensor. With

simulation, it is verified that proposed compensation algorithm achieves high speed locomotion compare

to conventional SLIP model locomotion algorithm.
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Chapter 4

Conclusion

In this thesis, the newly quadruped robot called SPINE is designed and developed, and high-speed

locomotion is achieved through compensating a driving force.

4.1 Contribution Points

The contribution points of this thesis are summarized as follows;

4.1.1 Development of Quadruped Robot

e Newly modularized SEA(mSEA) is developed
e Robot leg based on biarticular design is developed

e Carbon based lightweight body is developed

4.1.2 Actuator Torque Control

e Robust torque controller is designed
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e Motor cogging torque elmination method is proposed

e Minimize Harmonic drive torque ripple to improve force control is proposed

4.1.3 Locomotion control based on SLIP dynamics

e Two legs locomotion control based on extending one leg is developed

4.1.4 Driving Force Control for High Speed Locomotion

e Ground contact force observer based on inverse dynamics is proposed

e Driving force compensation method for high speed is proposed

4.2 Future Plan

Until now, since there were no quadruped robots in our lab, studies on control were applied only to legs.
However, through a master’s period, the platform for quadruped robots is made. Therefore from now on,
it is possible to conduct control studies on ”quadruped robot”.

The first thing to do in the control of the quadruped robot is to implement basic control of the
quadruped robot. To do that, the gait patterns which are walking, pronking, trotting, bounding, and
galloping motion will be applied to the quadruped robot. Then the battery, controller, and PC will be
integrated into the quadruped robot and run outdoors without other supporting devices.

After that, the research for high-speed locomotion of quadruped robot will be conducted with driving
force compensation. Before applying this control approach to quadruped robot, the ground contact
observer and compensation method will be verified through the experiment. Then it will be extended to
the quadruped robot for achieving high-speed locomotion.

The future ultimate goal is to develop the fastest speed quadruped robot in the world.
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