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 Maintaining and restoring robot balance in the presence of external disturbances is an important issue 
for a quadruped robot. This is due the fact that these robots move over uneven terrains which may be the 
sources of the disturbances. In this article, the balance recovery problem of a quadruped robot after an 
external disturbance will be investigated. To this end, in the first step, the equations of motion of a 
whole-body model of a robot and also a constraint elimination method will be proposed. In order to 
recover robot balance, the desired accelerations will be computed based on the concepts of a PD 
controller and by using the desired velocities and the positions of the main body. However, these 
accelerations may lead to slipping the stance feet or losing robot stability. Therefore, an optimization 
problem will be defined to calculate the admissible accelerations and the contact forces simultaneously. 
The optimal regulation of the contact forces will be done to distribute the contact forces among all 
stance legs to avoid feet slippage. Since the stability and the slippage avoidance conditions are 
formulated as linear constraints, the optimization can be solved as a linear constrained least squares 
problem. To evaluate the effectiveness of the proposed algorithm, it will be examined on a quadruped 
robot in the simulation in two different case studies: in standing situation and walking gait. Finally, 
obtained results will be discussed. 
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Fig. 1 the model of quadruped robot 
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Fig. 2 Block diagram of push recovery algorithm 
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Table 1 Physical parameters and the essential control parameters 
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Fig. 3 the variations of the main body of the robot after a push in 
standing posture 
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Fig. 4 the desired and admissible accelerations for push recovery in 
standing posture 

4  

Fig. 5 the joint torques for push recovery in standing posture 
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Fig. 6 the contact forces and the slippage limits for push recovery in 
standing posture 
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Fig. 7 the variation of COP within support polygon 
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Fig. 8 the variation of main body of the robot when the push is applied 
at an angle with respect to the forward direction 
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Fig. 9 the desired and simulated positions of main body of the robot for 
push recovery in walking gait 

9   

Fig. 10 the position of tip of swing leg for push recovery in 
walking gait 

10  

Fig. 11 the desired and admissible accelerations of main body for push 
recovery in walking gait 
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Fig. 12 the desired and admissible accelerations of tip of swing leg for 
push recovery in walking gait 
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Fig. 13 the contact forces and the slippage limits for push recovery in 
walking gait  
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Fig. 14 the variation of COP within support triangle 

14    

 . 
  

  

 . 

  . 
 

 . 
  

7 -  
[1] A. G. Hofmann, Robust Execution of Bipedal Walking Tasks From 

Biomechanical Principles, PhD Thesis, Massachusetts Institute of 
Technology, Massachusetts, 2005.  

[2] B. Stephens, Humanoid push recovery, Proceedings of IEEE-RAS 
International Conference on Humanoid Robots, pp. 589-595, 2007. 

[3] Y. Kanamiya, S. Ota, D. Sato, Ankle and hip balance control strategies with 
transitions, Proceedings of IEEE International Conference on Robotics and 
Automation, pp. 3446-3451, 2010. 

[4] J. Pratt, J. Carff, S. Drakunov, A. Goswami, Capture Point: A Step toward 
Humanoid Push Recovery, Proceedings of IEEE-RAS International 
Conference on Humanoid Robots, pp. 200-207, 2006. 

[5] M. Morisawa, K. Harada, S. Kajita, K. Kaneko, J. Sola, E. Yoshida, N. 
Mansard, K. Yokoi, J.-P. Laumond, Reactive stepping to prevent falling for 
humanoids, Proceedings of IEEE-RAS International Conference on 
Humanoid Robots, pp. 528-534, 2009. 

[6] J. Englsberger, C. Ott, M. Roa, A. Albu-Schäffer, G. Hirzinger, Bipedal 
walking control based on capture point dynamics, Proceedings of IEEE/RSJ 
International Conference on Intelligent Robots and Systems, pp. 4420-4427, 
2011. 

[7] D. L. Wight, E. G. Kubica, D. W. Wang, Introduction of the foot placement 
estimator: A dynamic measure of balance for bipedal robotics, Journal of 
computational and nonlinear dynamics, Vol. 3, No. 1, pp. 91-100, 2008.  

[8] T. Koolen, T. De Boer, J. Rebula, A. Goswami, J. Pratt, Capturability-based 
analysis and control of legged locomotion, Part 1: Theory and application to 
three simple gait models, The International Journal of Robotics Research, 
Vol. 31, No. 9, pp. 1094-1113, 2012.  

[9] A. Goswami, S.-k. Yun, U. Nagarajan, S.-H. Lee, K. Yin, S. 
Kalyanakrishnan, Direction-changing fall control of humanoid robots: theory 
and experiments, Autonomous Robots, Vol. 36, No. 3, pp. 199-223, 2014.  

[10] S.-k. Yun, A. Goswami, Tripod fall: Concept and experiments of a novel 
approach to humanoid robot fall damage reduction, Proceedings of IEEE 
International Conference on Robotics and Automation, pp. 2799-2805, 2014. 

[11] M. A. Nikooie, Design and implementation of a balance recovery for a 
humanoid robot, Master of Science Thesis, The Electrical and Computer 
Engineering Shiraz University,Shiraz, 2011. (in Persian ) 

[12] J.-W. Chung, I.-H. Lee, B.-K. Cho, J.-H. Oh, Posture Stabilization Strategy 
for a Trotting Point-foot Quadruped Robot, Journal of Intelligent & Robotic 
Systems, Vol. 72, No. 3-4, pp. 325-341, 2013.  

[13] I. Havoutis, C. Semini, J. Buchli, D. G. Caldwell, Quadrupedal trotting with 
active compliance, Proceedings of IEEE International Conference on 
Mechatronics, pp. 610-616, 2013. 

[14] Q. Luo, H. Duan, Chaotic artificial bee colony approach to step planning of 
maintaining balance for quadruped robot, International Journal of Intelligent 
Computing and Cybernetics, Vol. 7, No. 2, pp. 175-191, 2014.  

[15] X.  Tian,  F.  Gao,  C.  Qi,  X.  Chen,  D.  Zhang,  External  disturbance  
identification of a quadruped robot with parallel–serial leg structure, 
International Journal of Mechanics and Materials in Design, 2014, in press, 
DOI:10.1007/s10999-014-9288-4. 

[16] M. Focchi, T. Boaventura, C. Semini, M. Frigerio, J. Buchli, D. G. Caldwell, 
Torque-control based compliant actuation of a quadruped robot, IEEE 
International Workshop on Advanced Motion Control, pp. 1-6, 2012. 

[17] M. Raibert, K. Blankespoor, G. Nelson, R. Playter, Bigdog, the rough-terrain 
quadruped robot, Proceedings of the 17th World Congress, pp. 10822-10825, 
2008. 

[18] C. Santacruz, Y. Nakamura, Analytical real-time pattern generation for 
trajectory modification and footstep replanning of humanoid robots, 
Proceedings of IEEE/RSJ International Conference on Intelligent Robots and 
Systems, pp. 2095-2100, 2012. 

[19] P.-B. Wieber, Trajectory free linear model predictive control for stable 
walking in the presence of strong perturbations, Proceedings of IEEE-RAS 
International Conference on Humanoid Robots, pp. 137-142, 2006. 

[20] Z. Aftab, T. Robert, P.-B. Wieber, Ankle, hip and stepping strategies for 
humanoid balance recovery with a single Model Predictive Control scheme, 
Proceedings of IEEE-RAS International Conference on Humanoid Robots, 
pp. 159-164, 2012. 

[21] S.-H. Lee, A. Goswami, Reaction mass pendulum (RMP): An explicit model 
for centroidal angular momentum of humanoid robots, Proceedings of IEEE 
International Conference on Robotics and Automation, pp. 4667-4672, 2007. 

[22] S. Hyon, J. G. Hale, G. Cheng, Full-body compliant human–humanoid 
interaction: balancing in the presence of unknown external forces, IEEE 
Transactions on Robotics, Vol. 23, No. 5, pp. 884-898, 2007.  

[23] C. Ott, M. A. Roa, G. Hirzinger, Posture and balance control for biped robots 
based on contact force optimization, Proceedings of IEEE-RAS International 
Conference on Humanoid Robots, pp. 26-33, 2011. 

[24] B. Henze, C. Ott, M. A. Roa, Posture and balance control for humanoid 
robots in multi-contact scenarios based on Model Predictive Control, 
Proceedings of IEEE/RSJ International Conference on Intelligent Robots and 
Systems, pp. 3253-3258, 2014. 

[25] B. J. Stephens, C. G. Atkeson, Dynamic balance force control for compliant 
humanoid robots, Proceedings of IEEE/RSJ International Conference on 
Intelligent Robots and Systems, pp. 1248-1255, 2010. 

[26] X. Chen, Q. Huang, Z. Yu, Y. Lu, Robust push recovery by whole-body 
dynamics control with extremal accelerations, Robotica, Vol. 32, No. 03, pp. 
467-476, 2014.  

[27] S. Kajita, F. Kanehiro, K. Kaneko, K. Fujiwara, K. Harada, K. Yokoi, H. 
Hirukawa, Resolved momentum control: humanoid motion planning based 
on the linear and angular momentum, Proceedings of IEEE/RSJ International 
Conference on Intelligent Robots and Systems, pp. 1644-1650 vol.2, 2003. 

[28] A. Macchietto, V. Zordan, C. R. Shelton, Momentum control for balance, 
ACM Transactions on Graphics, Vol. 28, No. 3, pp. 80-90, 2009.  

Time (sec)
0 1 2 3 4 5 6

F t
ip

 o
f l

eg
 1

 (N
)

-200

-100

0

100

200

300

400

Time (sec)
0 1 2 3 4 5

F t
ip

 o
f l

eg
 2

 (N
)

-50

0

50

100

150

Time (sec)
0 1 2 3 4 5 6

F t
ip

 o
f l

eg
 3

 (N
)

-200

-100

0

100

200

300

400

Contact force along x-axis
Contact force along y-axis

upper limit of slippage
Lower limit of slippage
Contact force along z-axis

Contact force along x-axis
Contact force along y-axis

upper limit of slippage
Lower limit of slippage
Contact force along z-axis

Contact force along x-axis
Contact force along y-axis

upper limit of slippage
Lower limit of slippage
Contact force along z-axis

x (m)
-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

y 
(m

)

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

COP
support triangle 
Stability Margin



    

                        

  

106  13941512  

[29] A. Herzog, L. Righetti, F. Grimminger, P. Pastor, S. Schaal, Balancing 
experiments on a torque-controlled humanoid with hierarchical inverse 
dynamics, Proceedings of IEEE/RSJ International Conference on Intelligent 
Robots and Systems, pp. 981-988, 2014. 

[30] S.-H. Lee, A. Goswami, A momentum-based balance controller for 
humanoid robots on non-level and non-stationary ground, Autonomous 
Robots, Vol. 33, No. 4, pp. 399-414, 2012.  

[31] S. A. A. Moosavian, E. Papadopoulos, Explicit dynamics of space free-flyers 
with multiple manipulators via SPACEMAPLE, Advanced Robotics, Vol. 18, 
No. 2, pp. 223-244, 2004.  

[32] M. Mistry, J. Buchli, S. Schaal, Inverse dynamics control of floating base 
systems using orthogonal decomposition, Proceedings of IEEE International 
Conference on Robotics and Automation, pp. 3406-3412, 2010. 

[33] F. Aghili, A unified approach for inverse and direct dynamics of constrained 
multibody systems based on linear projection operator: applications to 
control and simulation, IEEE Transactions on Robotics, Vol.  21,  No.  5,  pp.  
834-849, 2005.  

[34] M. Vukobratovic, B. Borovac, Zero-Moment Point - Thirty Five Years of its 

Life, International Journal of Humanoid Robotics, Vol. 1, No. 1, pp. 157-
173, 2004.  

[35] K. H, A. H, Trajectory Design for 3D Biped  Robot by Considering Active 
Toe Rotation, Modares Mechanical Engineering, Vol. 15, No. 7, pp. 139-148, 
2015. (in Persian ) 

[36] M.Ezati, M. Khadiv, S.A.A.Moosavian, Optimal Gait Planning for Biped 
Robot by employing Active Toe Joints and Heels, Modares Mechanical 
Engineering, Vol. 15, No. 6, pp. 69-80, 2015. (in Persian ) 

[37] F. Hardarson, Stability analysis and synthesis of statically balanced walking 
for quadruped robots, PhD Thesis, Royal Institute of Technology,Stockholm, 
2002.  

[38] M. Hutter, StarlETH & Co-design and control of legged robots with 
compliant actuation, PhD Thesis, Eidgenössische Technische Hochschule 
ETH, Zürich, 2013.  

[39]M.  Kalakrishnan,  J.  Buchli,  P.  Pastor,  M.  Mistry,  S.  Schaal,  Learning,  
planning, and control for quadruped locomotion over challenging terrain, The 
International Journal of Robotics Research, Vol. 30, No. 2, pp. 236-258, 
2011. 


