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Abstract - This paper aims to provide an improved ZMP-based CPG model considering pitch and roll
inclination. The proposed CPG model is optimized by Self-adaptive Differential Evolutionary
Algorithm (SaDE). Simulation results are presented and the effectiveness of the CPG model is shown
in snapshot of experiments.
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1. Introduction

Development of humanoid robot has been made rapid progress. Different kinds of humanoid
robots can walk stably on the flat horizontal plane (Huang et al., 2001; Kajita et al., 2002; Plestan et
al. 2003; Lee et al., 2008; Chevallereau et al., 2009). However, not only flat plane, but also inclined
plane exists in the natural environment.

Because of the decrease in the area of support polygon, the difficulty in balancing the robot
during walking on an inclined plane is increased. To solve this problem, Kim et al. (2007) applied
online control algorithm that considers local and global inclination of the ground. Ali (2007) utilized
orientation based inverse kinematics to accomplish diagonal walking on an inclined plane. Vundavilli
et al. (2009) proposed Genetic-neutral and Genetic-fuzzy system to generate walking gait for
ascending and descending slope. Hong et al. (2011) used Modifiable Walking Pattern Generator
(MWPQ) to deal with inclined plane with pitch and roll angle. Seven et al. (2012) proposed a fuzzy
system to online adjust the body pitch angle corresponding to various pitch slope angle. Besides,
central pattern generator (CPG) is investigated to generate bipedal robot walking gait. CPG provides a
good interaction between the robot and the environment by integrating feedback sensors (ljspeert,
2008). Taga et al. (1991) integrated feedbacks with neural oscillators for unpredicted environment.
Aoi and Tsuchiya (2007) utilized CPG model for straight and curved walking. Or (2010) presented a
hybrid CPG-ZMP control system for flexible spine humanoid robot. Yu et al. (2014) proposed an
improved ZMP-based CPG model based on the model proposed by Yang et al. (2007). The
above-mentioned CPG models are presented to deal with horizontal flat plane or inclination in pitch
angle. Therefore, this paper aims to extend the CPG model proposed by Yu et al. (2014) to deal with
pitch and roll inclination.

Compared with prominent optimization technique, the performance of conventional Differential
Evolutionary Algorithm (DE) is superior (Storn & Price, 1997). DE requires users to 1) tune crossover
rate and scaling factor and 2) choose suitable strategy for different problems. SaDE can adaptively
choose suitable parameters and strategies. Compared with other adaptive DE (Qin et al., 2009), its
performance is superior. SaDE is adopted in this paper.

Mathematical model of the bipedal robot and environment are described in section 2. An
improved CPG model which considers pitch and roll inclination is presented in section 3. Objective
functions and constraints are portrayed in section 4. Followed by section 4, simulation results are
presented. Conclusions are made in section 6.

2. Mathematical Model of Bipedal Robot and Environment
The test bed is KHR-3HV. The schematic diagram (Fig. A) of the robot is shown in Appendix.

138-1


mailto:11900610R@connect.polyu.hk
mailto:mmjxj@polyu.edu.hk

The base of the robot is set at the pelvis. It is movable and interacts with the ground contact model
(Fujimoto & Kawamura, 1998). Two assumptions are made in this simulation. 1) R/C servos are ideal
and track reference trajectories ideally; 2) Mass of each link is considered to be point mass. Fig. 1 is
the flow chart of the simulation environment. The ground contact model is modeled as 3-D linear
spring damper system shown in Egs. (1-3). Each corner of the foot sole is set as contact point. The
position and orientation of the base are updated by Euler’s integration (Fujimoto & Kawamura, 1998).
The robot starts from the tail of the arrow and walks along the direction of arrow on an inclined plane
(Fig. 2) with pitch slope angle (85,pe) Which is set as 5°. The pitch (Bpitcn) and roll (8,4 )
inclination experienced by the robot change with the orientation («) of the robot and are calculated by
Egs. (4-5) (Ali, 2007).
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Fig. 1. Flow Chart of Simulation Environment.
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Fig. 2. Inclined Plane with Pitch Slope Angle.

3. Improved CPG Model Considering Pitch and Roll Inclination

The CPG model proposed by Yu et al. (2014) is not sufficient to overcome pitch and roll
inclination since it does not consider motion in frontal plane. Due to inclination in roll direction,
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asymmetric motion in frontal plane is introduced in the proposed CPG model. Through satisfying Egs.
(6-7), éhf becomes continuous at landing time (t, and ts) and hence angular position, velocity and
acceleration are ensured to be continuous. chl shifts CoM to the opposite direction of roll inclination
to enhance the stability of walking gait. If the robot experiences zero roll inclination, chl is set as
zero and D;, and D;j, are set to be equal. Motions in frontal plane are formulated in Egs. (8-9).
Formulation of hip and knee trajectories in sagittal plane is the same as Yu et al. (2014). The ankle
trajectories in sagittal plane are formulated to ensure the swing foot is parallel to the inclined plane
and the trunk is upright in sagittal plane.

D4,b = (Dz,a - Dz,b)/2 (6)
Dsp = (D1,q —2D34+3D34 — Dy + 2D,y — 3Dz + 4Dy ) /5 (7)
Y2_1Dipsin(iw(t — t;)) + chl, t € [to, t;] or t € [ts, te]
Ornf/inf = Y o3 D sin(i (8)
i=1 LaSln(lw(t - tz)) + Chl, te [tz, t5]
Oraf/iaf = —Orng/inf 9)
W= ts’_’tz (10)

4. Optimization of CPG Model

Setting of SaDE is the same as Yu et al. (2014). Compared with Yu et al. (2014), since 1) ground
contact model is added and 2) motion in frontal plane is considered in this study, objective functions,
constraints and their weightings mentioned in Yu et al. (2014) are modified. f; is formulated to
minimize abrupt change in trunk velocity and hence minimize abrupt change in ZMP,. Large impact
during landing may cause the robot falls over and its magnitude depends on strike velocity
(Vstrike,/rr) OF swing foot. f, is designed for searching walking gait with a relatively soft landing.

fi= \/ZIiV=1(Vtrunk,n - Vtrunk)Z/N (11)

fo= ”vstrike,RF” + ”vstrike,LF” (12)

Sy and S, checks whether ZMP,; and ZMP,; exceeds the area of support polygon. S is
used to ensure stable standing gait by checking the projection of P,y in sagittal plane during
standing is within support polygon. Correct walking direction is along positive y-axis in sagittal plane
of the robot. S, and Ss ensure the walking direction of robot is correct while Sg checks the
difference between the actual step length and the desired step length. Due to asymmetric motion in
frontal plane, the swing height of right/left swing foot is not identical. S; makes sure the height of
swing foot relative to the ground is within the desired range. Sg checks the difference between
desired landing time and actual landing time. Sy ensures the hip/ankle trajectories in frontal plane is
within operation range. S;, ensures the height of base is higher than the desired minimum height
(Hpase/crounamin)- It Hpase/Grouna,min 15 Set higher, knee joint is bent less and hence more natural
and energy efficient walking gait is achieved. 6,, 6, and 6, are the rotation history about x-, y- and
z- axis of {B}. |§x| and |9_y| are examined in S;; and S;, and max(|6,]|) is examined in S;5 to
check whether they are within allowable range. The score and target vector (X) to be searched is
formulated by Eqgs. (28-29).

N Z{V:1 maX(|ZMPx,i| — Lfrontals 0) (13)



52 = Ziv=1 max(|ZMPy,i| - Lsagittal' 0) (14)

Sz = max(PCoM,sagittal — Lgagittal 0) (15)

Sy = max(_Vtrunk,sagittal' 0) (16)

S5 = max(—szing foot,sagittals 0) (7)

Se = |Laesirea — Lactuail (18)

Hsp y = max (max (HSF,RL) ,max (HSF,LL)) (19)

IS‘ISF,L = min(max (HSF,RL)'max (Hsr,L1)) (20)
;=

{max(_(HSF,L - Hlower)ro) + max((HSF,H - Hupper)'o)' HSF,min < Hlower ” HSF,max > Hupper
0, HSF,max = Hlower && HSF,max < Hupper

(21)
Ss = |tiandaingLsp — t2| + |tianaing,rsp — ts| (22)
So = max(max(|0ns/ar|)) — Ons/afmax:0) (23)
S10 = max(Hpase/Grouna — Hpase/Ground,mins 0) (24)
S11 = max(|0x| = Ox ariows 0) (25)
S12 = max(|8,| — 6y qiiow 0) (26)
S13 = max(max(160;]) — 0z,a110w, 0) (27)
score = Wof + wpS (28)
X = [A4,A3,A3,B1, By, B3, C1,C3,C3,D1,4, D34, D3, D1y, D2y, D3 1y, Ch, Ck, chl] (29)

5. Simulation and Experimental Results

Two cases 1) a =45 and 2) a =90 are conducted. The score of these cases are 92.0090 and
100.5142 respectively. The performance based on objective functions and constraints is shown in
Table 1. Searched walking gaits are shown in Fig. 3-4 while snapshots are shown in Fig. 5-6.

Table 1. Results of Optimization.

1: f =[0.0286ms~1;0.1057ms~1];
* | § =[1.5208m;0.4552m; 0ms~1; 0ms~*; 0.0003m; Om; 0.0053s; 0°; 0m; 0m; 0°;0.15767; 0°;
2 f =1[0.0295ms~%;0.1077ms 1]

S = [1.626m; 0.3464m; 0ms~%; 0ms~1; 0.0001m; 0.0014m; 0.0061s; 0°; 0Om; 0m; 0°; 0.0306°; 0°];




Table 2. Searched Results of Target Vectors.

A, =0.2461; A, = —0.0002; A, =0.0052; B, =02775; B,=—0.0029; By = 0.0051;
1: | €, =01767; C,=0.0135; C,=0.0040; D,, =0.2066; D,, = 0.0106; Dy, = 0.0083;
Dy, = 0.1724; D,;, = 0.0115; Dy, = 0.0064; ch = 0.5463; ck = 0.2746; chl = 0.1048;

A, =02121; A, =0.0100; A, =0.0064; B, =03267; B, =0.0067; B,=0.0029;
2: | €, =01962; C,=0.0164; C;,=0.0003; D,,=0.3051; D,, =0.0231; D,, = 0.0031;
Dy, = 0.2706; D,, =0.0151; Dy, = 0.0046; ch = 0.4293; ck=03310; chl = 0.0831;

6. Conclusions

An improved ZMP-based CPG model considering pitch and roll inclination is proposed and is
optimized by SaDE. According to experimental results, test bed with CPG model considering pitch
and roll inclination can walk on an inclined plane in case 1 (« = 45°) and 2 (o = 90°).
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Fig. 4. Walking gait (Case 2).



Fig. 6. Snapshots of Walking gait (Case 2).
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Fig. A Schematic Diagram of Bipedal Robot.



Table A. List of Symbols

dx,y,z /kx,y,z

Damping coefficient/ Spring constant in x-,y- and z- direction

Hlower' Huppe‘r

Lower and upper bound of desired swing height relative to the ground

Hgsr/LsF The history of swing height of right/left swing foot
Lsqgittat/frontal Allowable length of support polygon in sagittal/frontal plane
Laesired/actual Desired/actual step length
Miotal Total mass of the test bed
N Number of data
Ppase /fﬁbase Position/ linear acceleration of center of mass

Vtrunk/swing foot,sagittal

Average velocity of trunk/swing foot in sagittal plane

Wo /Wy, Weighting of objective functions/constraints
f [fi; fo]
S [S1; S25 S35 545 S55 S55 Se5 S75 Sg5 So3 S105 S115 S125 S13]

XY, Zfoot,i/x' }7; Zfoot,i

Position/ Velocity of contact point in x-,y- and z- direction

X/YVoi The first impact position in x-/y- direction when the contact point touches the ground
Zground,i Height of ground
§'base Angular Acceleration of center of mass
Ornfinf Right/left hip angle in frontal plane
Oraf/iaf Right/left a angle in frontal plane
Table B. Setting of Parameters
Laesirea 0.05m
[dy,dy, d,] [20,20,300]
[Hiower » Hupper] | [0.008,0.012]m
Hpase/Ground,min | 0.23M
[y, Ky, ks] [25000,25000,400000]
Meotar 1.0300kg
w, [500,100]
Wy, [20,40,500,500,10000,12500,1500,50,10,1200,45,45,45]
[to, t2, ts, te] [0,0.7,1.7,2]s
On1,max 23"
Osiope 5




