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Abstract: A spacecraft’s separation parameters directly affect its flying trace. If the parameters exceed their limits, it will be 
difficult to adjust the flying attitude of the spacecraft, and the spacescraft may go off-track or crash. In this paper, we present a 
composite optimization method, which combines angular velocities with external moments for separation parameters of 
large-eccentricity pico-satellites. By changing the positions of elastic launch devices, the method effectively controls the popping 
process under the condition of less change in the separation mechanism. Finally, the reasons for deviation of angular velocities and 
unreliable optimization results are presented and analyzed. This optimization method is proved through a ground test which offsets 
the gravity. Simulation and test results show that the optimization method can effectively optimize the separation parameters of 
large-eccentricity pico-satellites. The proposed method adapts particularly to the fixed and non-stable status elastic parameters, the 
distribution of all kinds of elastic devices, and large-eccentricity spacecrafts for which attitude corrections are difficult. It is gen-
erally applicable and easy to operate in practical applications. 
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1  Introduction 
 

A satellite–rocket separation system ensures a 
reliable connection between the satellite and rocket. 
Satellite separation is critical because the dynamic 
procedure of separation influences the attitude of the 
satellite. Improper design of a separation system can 
lead to a poor dynamic procedure, resulting in the 
failure of launch mission. Therefore, improving the 
design and analysis methods for separation systems is 
important for optimization of the dynamic procedure 
of satellite separation. 

The dynamics of satellite separation systems 
have received considerable attention from many re-
searchers. Somanath et al. (2001) designed a ‘ball 

lock’ separation system for microsatellites, and stud-
ied the dynamics model and feasibility of reducing 
shock to learn the release function and to quantify the 
impact forces. Miyamoto et al. (2005) developed a 
heat knife-type, non-explosive separation device with 
a high separation accuracy for the Cubical Tokyo 
Tech Engineering (CUTE) satellite, called the ‘Tokyo 
Tech pico-satellite orbital deployer (T-POD) separa-
tion system’. Lan et al. (2006) designed and devel-
oped the poly pico-satellite orbital deployer (P-POD) 
separation system for standard cubesat satellites; the 
reliability of the satellite during ascent flight was 
improved by adopting a closed structure, and the 
separation accuracy of the satellite was improved by 
rail-type separation. Wu et al. (2013) designed an 
open-style satellite–rocket separation system for the 
ZDPS-2 satellite and proved the feasibility of the 
system from a theoretical perspective. Hu et al. (2013) 
conducted analysis on the dynamics and transient 
perturbation of a piggybacking satellite separation 
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system, and controlled the minimum relative distance 
to achieve collision-free separation for the Tiantuo-1 
satellite. Wu and Xu (2014) and Xie et al. (2014) 
designed and analyzed a movement system for the 
satellite–rocket separation mechanism of the ZDPS- 
1A satellite, and proved its ability to separate the 
orbiting satellite and rocket. Paris (2015) developed a 
four-pin separation system for the LARES satellite, 
and proved the rationality of the design through vi-
bration tests and on-orbit separation. Note that these 
studies have focused mainly on microsatellites. In 
general, engineers need to design special separation 
systems for microsatellites and analyze their separa-
tion properties, because the shapes and separation 
types of microsatellites are more diverse than those of 
large satellites. 

The clamp band joint is one of the most common 
satellite separation systems in use currently, especial-
ly for large satellites. Numerous studies on the mod-
elling and dynamic analysis of clamp band systems 
have been performed. Iwasa et al. (2007) proposed a 
simple model to predict the interface response of a 
V-band-clamp separation device. With this model, the 
simplified shock response spectrum curve of the in-
terface corresponding to the pyroshock specification 
can be determined, and the shock response of the 
satellite can be predicted. Qin et al. (2009, 2010, 
2011, 2012, 2014) carried out a series of studies on 
the mechanical behavior of the clamp band joint as 
well as its influence on the dynamic behavior of the 
launch system during ascent flight through compre-
hensive applications of the classical elastic theory, 
dynamic responses of the spacecraft system to vibra-
tion and impact excitations, finite element models, 
and experimental validation. The research results 
showed that the clamp band joint can achieve its 
function and be incorporated easily in other types of 
launch systems. Tan and Yan (2010) analyzed the 
dynamic properties of satellite separation systems and 
the influence of component failure; this type of anal-
ysis can effectively prevent both collisions between 
the V-shoes and satellite and the separation attitude 
deflection of the satellite. Li et al. (2012, 2014) im-
proved the method of Tan and Yan (2010) to design 
and analyze separation systems, and provided 
two-dimensional (2D) and three-dimensional (3D) 
dynamic envelopes of the clamp band, revealing  
that appropriately increasing the pyroshock and  

decreasing the stiffness of the restraining spring can 
guarantee a secure and reliable satellite separation. 
Cui et al. (2014, 2015) proposed a modeling and 
simulation method to comprehensively predict the 
dynamic characteristics of satellite separation, con-
sidering the flexibility of the interface rings. The 
results in Cui et al. (2014, 2015) can aid in developing 
the initial engineering design of the clamp band joint 
of a satellite separation system that ensures a secure 
and reliable separation. 

However, these studies focused mainly on the 
dynamic problems between satellites and satellite 
separation systems or launch systems. With the ever- 
increasing importance of highly accurate separation 
between the satellite and rocket (Huang et al., 2012), 
it is crucial to study the effects of separation perfor-
mance (Singaravelu et al., 2011; Huang et al., 2012; 
Hu et al., 2014a; Chao et al., 2015; Cui et al., 2015) on 
the separation system, and to analyze and optimize 
the satellite–rocket separation system dynamics (Jing 
et al., 2010; Tan and Yan, 2010; Wang et al., 2010; 
Paris, 2015; Michaels and Gany, 2016). The optimi-
zation of satellite separation has received considera-
ble attention from several researchers. Tayefi and 
Ebrahimi (2009) optimized and practically verified 
the mass of a separation system using the response 
surface method; the results showed that this approach 
not only maintains the desired characteristics of the 
separation system but also decreases the overall mass 
considerably. Hu et al. (2013, 2014b) adopted a multi- 
island genetic algorithm and simplified metric meth-
ods to optimize the separation velocity and angular 
velocities of the Tiantuo-1 satellite, and verified its 
effectiveness during the on-orbit separation. Hu et al. 
(2017) established and verified a novel evaluation 
approach based on active subspace identification and 
response surface construction; the analysis results 
showed a considerably high accuracy and efficiency 
of the approach, demonstrating the wide applicability 
of this method for improving the separation accuracy 
of small satellites. Jiang et al. (2015) introduced a 
method to control the angular velocity of constrained 
and centroid-biased on-orbit separation, and the 
moment and angular velocity were controlled effec-
tively and optimized through numerical simulations. 
Chao et al. (2015) presented a new separation initial-
ization method, which considers the separation pa-
rameters including direction, size, and time interval 
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between two separations while releasing payload 
satellites. The results showed that this method can 
provide stable formations for small-satellite coopera-
tion, and longer formations can be formed at higher 
reference orbits. Teng and Jin (2016) used an orthog-
onal optimization method to directly optimize the 
angular velocities of ZDPS-2 and to ensure that they 
meet separation accuracy requirements. In addition, 
the optimization results were proved through ground 
tests and on-orbit separation. 

These studies and achievements help researchers 
understand the importance of dynamic characteristics 
and the optimization of satellite separation systems. It 
is essential to introduce an effective method to im-
prove the separation accuracy of the ZDPS satellites. 
In this paper, we introduce a composite optimization 
method for large-eccentricity pico-satellites. We re-
design the separation system of ZDPS-3 and conduct 
theoretical analysis, optimization, and tests, to make 
dynamic characteristics and separation parameters 
satisfy the technical requirements. 

 
 

2  Separation dynamics theory 
 

To avoid the sticking caused by redundant con-
straints during satellite separation, we adopted a 
locking scheme with six degrees of freedom and non- 
redundant constraints. Because two supporting rods 
are arranged at the opposite angles of the satellite, five 
degrees of freedom are limited. The pre-tightening 
force of the locking rods, arranged at the opposite 
angles, clamps the satellite tightly to the separation 
mechanism. The constrained degrees of freedom 
formed on the separation mechanism and the relative 
positions of the locking, supporting, and pushing rods 
are shown in Figs. 1 and 2, respectively. We installed 
explosive cutters on the locking rods. During unlock-
ing, the explosive cutters cut the two locking rods 
simultaneously and the satellite is released by the four 
pre-compressed springs. 

The ZDPS-3A/3B satellites are separated simul-
taneously in the lateral direction (Fig. 3). The spring 
forces of the two satellites cancel each other out at the 
moment of separation, and therefore the rocket re-
mains stationary. Without considering the elastic 
damping or friction force between the satellite and 
pushing rods, the velocity equation can be expressed 

according to the principle of conservation of energy: 
 

2 2 2 2 2
0 1 1 2 3

1 1 14 ( ) 2 ( ) ,
2 2 2

k X X k X X mV   − + − =      
 (1) 

 
where k is the separation spring stiffness, X0 the 
maximum compression of the separation spring, X1 
the minimum compression of the separation spring, k1 
the spring stiffness of the position switch, X2 the 
maximum compression of the position switch spring, 
X3 the minimum compression of the position switch 

 
Fig. 1  Freedom constraint on the separation mechanism 

 

 
Fig. 2  Relative positions of the locking, supporting, and 
pushing rods 
 

 
Fig. 3  Installation of the ZDPS-3 satellite on the rocket 
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spring, m the satellite mass, and V the relative velocity 
of satellite separation. 

The spring force equations can be expressed as 
 

0 1

1

cos( ), < < ,
=

, = ,
kX ft x X x

F
kX X x

−
−

                 (2) 
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            (3) 

 
where F and F′ are the spring forces, k′ is the spring 
stiffness of the position switch spring, X and X′ are the 
spring strokes, x0 and x1 are coordinate values, f is the 
spring frequency, and t is the separation time. 

Based on this satellite–rocket separation system, 
the coordinate system is set up as shown in Fig. 4. The 
attitude dynamics can be expressed as 
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where Ix, Iy, and Iz are the principal moments of inertia 
of the satellite corresponding to the three axes, ,xω  

,yω  and zω  are the angular rates of the satellite in the 

three directions, ωx, ωy, and ωz are the angular veloc-
ities of the satellite in the three directions, and Mx, My, 
and Mz are the external moments of the three axes. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

When the mass center of the satellite is at the 
original point, the external moments can be expressed 
as 
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When the mass center of the satellite is biased, 
the coordinate system (Fig. 5) is established. The 
external moments can be expressed as 
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c ,y y y′ = −                            (7) 

c ,x x x′ = −                             (8) 
 

where (xc, yc) refers to the position of the mass center. 
 

 
 
 
 
 

 
 
 
 
 

 
 

 
 

From Eqs. (6)–(8), it can be seen that the exter-
nal moments are determined by the mass center of the 
satellite, the positions of the pushing rods, and the 
position switches. 

In this separation system, when x5<xc, x6>xc, 
y5>yc, and y6<yc, the equations of external moments 
can be expressed as 
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Fig. 5  Biased coordinate system 

 
 

Fig. 4  Original coordinate system 
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According to Eqs. (4)–(8), F, F′, and M are 
functions of t; when F and F′ are at their maximum 
values, we can optimize M to its minimum value, and 
subsequently the angular velocities reach their mini-
mum values. This provides the theoretical evi- 
dence for the optimization of angular velocities for  
separation. 

 
 

3  Optimization method 
 
Due to the limited energy on a pico-satellite, its 

attitude control ability is poor. The attitude control 
subsystem imposes some corresponding requirements 
on the initial attitude for the satellite to be placed into 
orbit. The detailed requirements are listed in Table 1. 

 
 
 

 

 
 
 
 

3.1  Initial separation parameter analysis 

The mass characteristics of the pico-satellite are 
provided in Table 2. As shown in Fig. 4, the entire 
separation system was used as inputs in the ADAMS 
software to obtain the angular velocities of satellite 
separation when the spring pushing rods and position 
switches were in their original positions, and the ex-
ternal moments were calculated according to Eqs. (9) 
and (10). The calculation and simulation results are 
provided in Table 3. 

 
 
 
 
 
 

From Table 3, it can be observed that ωx and ωy 
are far beyond the technical specifications; there- 
fore, we need to optimize ωx and ωy to meet the  
requirements. 

3.2  Angular velocity optimization 

Based on the analysis provided in Section 3.1 
which demonstrates the evident influence of the po-
sitions of the pushing rods on the external moment 
and angular velocities, we first established the data 
relations between various factors, the external mo-
ments, and angular velocities by developing four 
optimization steps to optimize the target values. If the 
current step cannot complete the optimization, the 
next step will be adjusted accordingly, until the ex-
ternal moments and angular velocities are optimized 
to the minimum. The optimization process is shown 
in Fig. 6. 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 

3.2.1  Data preparation 

In the multi-factor test, more factors and levels 
cause an exponential increase in the number of tests 
that must be conducted. Consider the orthogonal test 
as an example: It requires 27 tests for 12 factors and 3 
levels. For 8 factors and 5 levels, 49 tests are required. 
However, for 12 factors and 13 levels, orthogonal 
tests cannot be created. 

Table 1  Technical indices of the pico-satellite satellite– 
rocket separation 

No. Technical specification Design value 
1 Separation velocity (m/s) v=10.1 
2 Mass of separation mechanism (kg) m≤4.5 
3 Rolling angular velocity (°/s) |Δwγ|≤2 
4 Pitch velocity (°/s) |ΔwΦ|≤2 
5 Yaw velocity (°/s) |ΔwΨ|≤2 

 

 

Fig. 6  Optimization process 

Table 2  Pico-satellite mass characteristics 

Characteristic Value 
Satellite mass (kg) 24.328 
Mass center (mm) (13.397, 11.165, 243.348) 

Moment of inertia (kg·m2) Ix=1.098; Iy=1.124; Iz=0.416 
 

Table 3  External moments and separation angular velocities before optimization 

Coordinate value (mm) 
x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 
0 118.5 118.5 0 0 −118.5 −118.5 0 −50 108.8 50 −108.5 

External moment (N·m) Angular velocity (°/s) 
Mx My Mz ωx ωy ωz 

−7.677 9.217 0 16.729 −13.105 −1.598 
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A uniform design can solve the multi-factor and 
multi-level problems, and requires fewer test combi-
nations to obtain the influence of each factor on the 
target value or even determine the value of each factor 
when it arrives at a satisfactory target value. 

According to the contact ranges among the 
pushing rods, position switches, and the satellite, we 
chose the boundary positions of the pushing rods and 
position switches as the constraint conditions for the 
coordinates. We selected the relative position coordi-
nates for the four pushing rods and two position 
switches, and considered them as the factors for op-
timization; thus, Mx′, My′, ωx′, and ωy′ are the optimi-
zation targets. We established a parameter level table 
for the position coordinates of the spring pushing rods 
and position switches (Table 4). 

Excluding the interactive function of all factors, 
we established 12 factors and 13 levels for the uni-
form design test table. By calculating the external 
moments and simulating the separation processes, we 
obtained the external moments and angular velocities 
for 13 schemes (Table 5). 

3.2.2  Step 1 

Most of the test designs use the variance and 
regression analysis methods to process data. The data 
of the uniform design test are too few to realize vari-
ance analysis. Thus, regression analysis is the main 
analysis method. If the factor level L is greater than 
(q+1)(q+2)/2 (where q is the number of factors), 
quadratic regression analysis can be used. Hence, this 
study uses only linear regression analysis. 

The coefficients of the multiple linear regression 
equation can be obtained by derivation of equations. 

Leng et al. (2016) used the multiple linear regression 
method to analyze the civil aviation passenger vol-
ume, and established a prediction model for civil 
aviation passenger volume. 

We introduce a token proposed by Leng et al. 
(2016): 
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where u, v=1, 2, …, q, x is the coordinate value, w 
represents the angular velocity and external moment, 
n is the number of uniform tests, xua and xva are the 
values of x in the uth, vth rows and the ath column, 
respectively, ux  and vx  are the means of x in the uth 
and vth columns, respectively, and w  is the mean of 
w. 

Then the normal equations can be rewritten as 
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where luv and luy are shown in Table 6, and b0, b1, ...., 
bk can be determined by solving Eq. (12). Then the 
regression equation can be established. 

The multiple linear regression equation can also 

Table 4  Parameter level table 

Level Coordinate value (mm) 
x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 

1 −6 112.5 112.5 −6 −6 −124.5 −124.5 −6 −56 102.5 44 −114.5 
2 −5 113.5 113.5 −5 −5 −123.5 −123.5 −5 −55 103.5 45 −113.5 
3 −4 114.5 114.5 −4 −4 −122.5 −122.5 −4 −54 104.5 46 −112.5 
4 −3 115.5 115.5 −3 −3 −121.5 −121.5 −3 −53 105.5 47 −111.5 
5 −2 116.5 116.5 −2 −2 −120.5 −120.5 −2 −52 106.5 48 −110.5 
6 −1 117.5 117.5 −1 −1 −119.5 −119.5 −1 −51 107.5 49 −109.5 
7 0 118.5 118.5 0 0 −118.5 −118.5 0 −50 108.5 50 −108.5 
8 1 119.5 119.5 1 1 −117.5 −117.5 1 −49 109.5 51 −107.5 
9 2 120.5 120.5 2 2 −116.5 −116.5 2 −48 110.5 52 −106.5 

10 3 121.5 121.5 3 3 −115.5 −115.5 3 −47 111.5 53 −105.5 
11 4 122.5 122.5 4 4 −114.5 −114.5 4 −46 112.5 54 −104.5 
12 5 123.5 123.5 5 5 −113.5 −113.5 5 −45 113.5 55 −103.5 
13 6 124.5 124.5 6 6 −112.5 −112.5 6 −44 114.5 56 −102.5 
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be solved using EXCEL, SPSS, SAS, and other data 
analysis software. Fritz and Berger (2015) discussed 
the method of establishing a multiple linear regres-
sion model using EXCEL. Using the regression 
analysis function in EXCEL, data analysis, partial 
regression coefficient, coefficient of variation (R2), 
standard error, and other parameters can be obtained 
directly. The specific solution process can be seen in 
Fritz and Berger (2015). 

Therefore, the linear regression equation for ωx′ 
and ωy′ can be expressed as  

 

1 1 2 2

3 3 4 4

5 5 6 6

1 1 2

2 3 3 4

4 5 5

35.773 0.026 0.393 0.1 0.431
0.011 0.374 +0.031 0.472 (13)

+0.119 0.05 +0.036 0.062 ,
45.903+0.499 +0.094 +0.479
0.019 +0.53 +0.007 +0.427

+0.108 +0.029 +0.037 +0

x

y

x y x y
x y x y
x y x y

x y x
y x y x
y x y

ω

ω

′

′

= − − − −
− − −

− −
= −

−

6

6

(14)
.067

0.096 .
x

y










 −

           

Using the method of nonlinear least squares (Hu 
et al., 2012), we optimize ωx′ and ωy′ to 0°/s. The 
nonlinear least squares can be expressed as 

 

[ ]2

1
( ) ( , ) ,i i

i
S Y f x

λ

γ
=

= −∑ γ                     (15) 

 

where γ is the parameter vector, Yi is the empirical 
value, λ is the number of empirical values, f(xi, γ) is 
the optimized function, and S(γ) is the sum of the 
quadratic error functions. 

The optimization results of the regression and 
polynomial optimization are shown in Figs. 7 and 8. 
From Figs. 7 and 8, it can be seen that Eq. (13) cannot 
be optimized to 0; when Eq. (14) is optimized to 0, Mx′ 
and My′ are not 0. The optimization results are pro-
vided in Table 7. It indicates that step 1 cannot com-
plete the optimization.  

3.2.3  Step 2 

From Eq. (4) we know that ωx′ is related to only  

Table 5  Uniform design test table, calculation and simulation results 

Level 
Coordinate value (mm) 

x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 
1 2 6 11 11 2 9 13 6 5 7 1 10 
2 5 3 7 9 12 10 4 2 2 12 9 5 
3 8 13 12 1 8 11 7 4 7 9 13 12 
4 13 4 1 10 5 8 3 7 9 4 10 13 
5 6 8 9 13 6 5 10 3 12 3 11 2 
6 12 5 10 5 7 12 8 10 3 1 5 1 
7 1 11 5 7 4 13 2 11 11 8 7 3 
8 10 7 13 12 9 1 5 13 8 13 6 8 
9 7 2 4 4 1 4 11 12 6 10 12 6 
10 9 9 6 2 3 3 1 1 4 5 3 7 
11 4 1 8 3 13 6 6 9 13 6 4 11 
12 11 10 2 6 11 7 12 5 10 11 2 4 
13 3 12 3 8 10 2 9 8 1 2 8 9 

Level 
External moment (N·m) Angular velocity (°/s) 

Mx′ My′ Mz′ ωx′ ωy′ ωz′ 
1 −6.977 9.345 0 12.869 −14.825 −0.508 
2 −8.289 9.265 0 16.351 −13.346 −0.799 
3 −7.405 7.973 0 14.567 −9.346    0.902 
4 −7.469 10.121 0 15.124 −16.547 −0.684 
5 −7.662 8.581 0 15.986 −11.658 −0.752 
6 −7.217 7.837 0 13.234 −8.465 −0.814 
7 −5.433 11.777 0 10.347 −19.436 −0.883 
8 −6.749 7.741 0 11.358 −7.965 −0.547 
9 −8.633 9.973 0 17.632 −15.435 −0.766 
10 −9.845 10.805 0 20.355 −18.125 −2.006 
11 −9.109 8.677 0 18.952 −12.135 −0.471 
12 −7.665 7.937 0 16.012 −9.012 −0.905 
13 −7.401 9.789 0 14.134 −14.567 −0.298 
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coordinate value y, and ωy′ is related to only coordi-
nate value x. Therefore, we eliminate the factors  
irrelevant to the target values, and obtain two other 
regression equations for ωx′ and ωy: 
 

1 2 3

4 5 6

1 2 3

4 5 6

17.472 0.394 0.422 0.372
(16)

0.453 +0.055 0.058 ,
20.281+0.489 +0.489 +0.518

(17)
+0.439 +0.042 +0.066 .

x

y

y y y
y y y

x x x
x x x

ω

ω

′

′

= − − −
 − −
 = −
  

 

The regression polynomial can be optimized 
again; the optimization results are shown in Figs. 9 
and 10. Eq. (17) cannot be optimized to 0; when  
Eq. (16) is optimized to 0, Mx′ and My′ are still not 0. 
The optimization results are provided in Table 8. It 
shows that the adjusted step 2 still cannot complete 
the optimization. 

3.2.4  Step 3 

The optimization results show that in the poly-
nomial regression Eqs. (13), (14), (16) and (17) in 
steps 1 and 2, the relationship between the coordi-
nates and angular velocities (ωx′, ωy′) cannot be ap-
plied directly. Eqs. (5)–(10) show that Mx′ and My′ are 
related to the coordinates directly; however, we need 
to know which factors influence the target values 
significantly. To determine the influence of each fac-
tor on the target value, we must analyze the statistic of  

Table 6  Values of luv, luy , and luy  

v luv luy  luy  
u=1 u=2 u=3 u=4 u=5 u=6 u=7 u=8 u=9 u=10 u=11 u=12 

1 182 −20 −17 −19 7 −18 −19 −5 −2 −5 10 0 21.809 76.618 
2 −20 182 4 −16 −3 7 −2 −41 −13 −13 8 −10 −47.795 3.166 
3 −17 4 182 15 9 17 15 9 −3 28 −9 1 −38.199 91.246 
4 −19 −16 15 182 −5 −31 31 14 16 3 −1 −25 −63.971 7.515 
5 7 −3 9 −5 182 −8 −9 −18 14 31 −15 11 10.370 97.730 
6 −18 7 17 −31 −8 182 −17 −16 10 −7 8 −35 −47.626 −7.679 
7 −19 −2 15 31 −9 −17 182 14 −5 −3 −18 −22 −7.8175 71.898 
8 −5 −41 9 14 −18 −16 14 182 30 19 4 −5 −66.989 16.058 
9 −2 −13 −3 16 14 10 −5 30 182 22 3 4 0.740 10.513 

10 −5 −13 28 3 31 −7 −3 19 22 182 4 11 −12.724 33.282 
11 10 8 −9 −1 −15 8 −18 4 3 4 182 17 −1.662 −2.973 
12 0 −10 1 −25 11 −35 −22 −5 4 11 17 182 18.530 −20.139 

 
Table 7  Optimization results of regression polynomials ωx and ωy (Eqs. (13) and (14)) 

Angular 
velocity 

(°/s) 

Coordinate value (mm) External  
moment (N·m) 

x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 Mx′ My′ 
ωx′=2.588 6 124.500 124.500         6.000 0 −112.5 −124.500 6.000 −56.000 114.500 44.000 −102.500 −3.554 8.425 
ωy′=0 6 124.488 124.497 −1.309 5.906 −112.5 −112.502 5.994 −54.315 111.568 52.849 −111.445 −5.116 5.256 

 

 
Fig. 7  Optimization results of regression polynomial ωx′ 

 

 
Fig. 8  Optimization results of regression polynomial ωy′ 
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regression coefficient, i.e., p value analysis. When p 
value is lower than significance level 0.05, indicating 
that the factors are related to the target value, a lower 
p value indicates a stronger effect on the target value. 
The analysis results are shown in Tables 9 and 10. 

From Tables 9 and 10, we can obtain the effect of 
the p values of six factors on ωx′, ωy′, Mx′, and My′. The 
orders of the six factors affecting ωx′ and Mx′ are 
y4>y2>y1>y3>y6>y5 and y1>y2>y4>y3>y5>y6, respec-
tively. The orders of the six factors affecting ωy′ and 
My′ are x3>x2>x1>x4>x6>x5 and x2>x3>x1>x4>x5>x6, 
respectively. From the p value analysis, we know that 
ωx′, ωy′, Mx′, and My′ cannot be optimized when the 
position of only one pushing rod is changed. When 
the positions of only two pushing rods are changed in 

the separation mechanism, the effect on the separation 
mechanism is less. Therefore, xi, xj, yi, and yj can be 
obtained, i.e., xi=x3, xj=x2, yi=y4, and yj=y1. Therefore, 
we chose two sets of coordinates (y4, x3 and y1, x2) to 
optimize Mx′ and My′, respectively. The original op-
timization results of Mx′ and My′ can be found in  
Table 11, and the optimization results are shown in  
Fig. 11. From Table 11, we can see that Mx′ and My′ 
have been optimized in limited coordinate ranges; 
however, Mx′ and My′ cannot be optimized to 0. 

 
 
 

 
 
 
 
 
 

 

 
 
 
 
 
 
 

 
 
3.2.5 Step 4 
From the optimization results in step 3, we know 

that if the external moments need to be optimized, the 
coordinate ranges of y4, x3 and y1, x2 must be enlarged; 
however, the minimum external moments have the 
following constraints: 

 
1 2 3

4
4 5 6

1 2 3
3

4 5 6

| | | | | |
, (18)

| | | | | |,
| | | | | |

. (19)
| | | | | |,

x c c c
c

c c c

y c c c
c

c c c

M F y y F y y F y y
y y

F y y F y y F y y
M F x x F x x F x x

x x
F x x F x x F x x

′

′

= − − − − −
> ′ ′+ − + − − −

 = − − − − − > ′ ′+ − + − − −

Table 9  Analysis results of the p value for ωx′ and ωy′ 
Factor p value for ωx′ Factor p value for ωy′ 

y1 0.001 191 x1 0.000 373 
y2 0.000 854 x2 0.000 371 
y3 0.001 716 x3 0.000 273 
y4 0.000 584 x4 0.000 681 
y5 0.445 332 x5 0.555 402 
y6 0.429 651 x6 0.368 524 

 
Table 10  Analysis results of the p value for Mx′ and My′ 
Factor p value for Mx′ Factor p value for My′ 

y1 8.40×10−93 x1 6.71×10−93 
y2 8.56×10−93 x2 6.64×10−93 
y3 8.97×10−93 x3 6.68×10−93 
y4 8.58×10−93 x4 6.84×10−93 
y5 8.45×10−87 x5 7.45×10−87 
y6 1.02×10−86 x6 7.76×10−87 

 

 
Fig. 9  Optimization results of regression polynomial ωx′ 
after eliminating the irrelevant factors 
 

 
Fig. 10  Optimization results of regression polynomial ωy′ 
after eliminating the irrelevant factors 

Table 8  Optimization results of regression polynomials ωx′  and ωy′ after eliminating the irrelevant factors (Eqs. (16) 
and (17)) 

Angular 
velocity 

(°/s) 

Coordinate value (mm) External  
moment (N·m) 

x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 Mx′ My′ 
ωx′=2.588 – 113.818 – 4.627 – −114.998 – 3.134 – 107.954 – −102.5 −3.523 – 
ωy′=0 6 – 124.5 – 6 – −112.5 – −44 – 56 – – 5.089 
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First, we expanded the coordinate value for y4 

and x3 to make Mx′ and My′ reach the target values; y4 
was changed from [−6, 6] to [−6, 36], i.e., βi=β4=30, 
and x3 was changed from [−6, 6] to [−6, 40], i.e., 
αi=α3=34. When Mx′ and My′ are optimized to the 
target values, many similar optimization results are 
obtained (Fig. 12). One of the optimization results is 
shown in Fig. 13. The final optimization results are 
shown in Table 12; this time, Mx′ and My′ reach 0 N·m, 
and ωx′ and ωy′ reach the minimum values. 

When y1 and x2 are expanded, y1 changed from 
[112.5, 124.5] to [112.5, 150.5], i.e., βj=β1=26, and x2 
changed from [112.5, 124.5] to [112.5, 160.5], i.e., 
αj=α2=36. When Mx′ and My′ are optimized to the 
target values, many optimization results are obtained 
(Fig. 14). However, it can be found from Fig. 14 that 
the optimized positions of pushing rods 1 and 2 ex-
ceed the envelope of the satellite, and that not all the 
optimization results can be adopted. Therefore, the 
optimization results that change pushing rods 3 and 4 
were adopted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

4  Test preparation 
 

The arrangement of springs on the separation 
mechanism was changed based on the optimization 
results in Table 12. However, according to the results 

 
Fig. 11  The original optimization results for Mx′ and My′ 

 
Fig. 12  Relative positions of elastic devices when enlarg-
ing the coordinate ranges of y4 and x3 

 

 
Fig. 13  One of the optimization results when enlarging 
the coordinate ranges of y4 and x3 
 

Table 11  Original optimization results of external moments 

Coordinate value (mm) External moment (N·m) 
x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 Mx′ My′ Mz′ 
6 124.5 124.5 6 6 −112.5 −112.5 6 −44 114.5 56 −102.5 −3.554 5.089 0 

 

Table 12  Final optimization results of external moment and separation angle velocities 

Coordinate value (mm) 
x1 y1 x2 y2 x3 y3 x4 y4 x5 y5 x6 y6 

5.999 124.487 124.427 6 37.171 −112.811 −112.528 29.108 −44.002 111.741 55.604 −111.185 
External moment (N·m) Angular velocity (°/s) 

Mx′ My′ Mz′ ωx′ ωy′ ωz′ 
0 0 0 −0.874 0.086 −0.063 
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in Table 12, there will be an overlap between the 
positions of spring sleeve 4 and position switch 2. 
Because the effect of the spring force of the separa-
tion spring is greater than that of the position switch, 
position switch 2 can be moved 8 mm away from 
spring sleeve 4. The positions of the pushing rods and 
position switches are shown in Fig. 15. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By establishing a test system that can offset 
gravity (Fig. 16), we carried out the separation test 
and obtained the separation parameters. The test sys-
tem includes a pico-satellite, a satellite–rocket sepa-
ration mechanism, a high-speed camera, a three-axis 
angular velocity sensor, a hanging rack, a roller hook, 
a synchronized unlocking device, and tools. The 
high-speed camera was used to measure the separa-
tion velocity and observe whether the separation is 

steady. The three-axis angular velocity sensor was 
used to measure the angular velocities of the three 
axes during separation. The hanging rack was used to 
offset gravity, and the roller hook reduced the separa-
tion resistance. The synchronized unlocking device 
was used to realize synchronous unlocking. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5  Results and discussion 
 

The comparison of the simulation results before 
and after optimization is shown in Fig. 17. It can be 
seen that the angular velocities are improved greatly. 
Moreover, it can be seen from Fig. 17 that the effect 
on separation can be ignored after moving position 
switch 2. The optimization results satisfy the separa-
tion requirements. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The separation results and comparison of the 

simulation results after optimization and testing are 

 
Fig. 14  Relative positions of elastic devices when enlarg-
ing the coordinate ranges of y1 and x2 
 

 
 

Fig. 15  Positions of pushing rods and position switches 
 

 
 

Fig. 16  Offset gravity test system before separation 

 
Fig. 17  Comparison of the simulation results before and 
after optimization 
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shown in Figs. 18 and 19, respectively. The results 
show that the separation angle velocities are im-
proved greatly, and that the test results are close to the 
optimization results. The optimization and test results 
are shown in Table 13. There are four main reasons 
for the deviation of the actual measurements of the 
angular velocities from the simulation results. First, 
there are minor deviations between the characteris-
tics, such as spring length and stiffness between the 
separation springs when selected. Second, the actual 
measurement of the mass center of the satellite can 
deviate; generally, the deviation is approximately 
1%–5%, whereas the deviated mass center of the 
satellite is used in the simulation generally. Third, the 
friction coefficient and friction direction in the simu-
lation are different from those in a real situation. Fi-
nally, the satellite is subject to shock by synchronized 
unlocking at the moment of unlocking (Fig. 19). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
Thousands of ground separation tests proved that 

the satellite can separate successfully. The satellite  

 
 
 

 

 
 
 
 
 
 
 

separates steadily without any hooking or interference 
on the satellite–rocket separation mechanism. Thus, 
the test results show that the separation accuracy 
satisfies the separation requirements. 

When the positions of the elastic devices are not 
in a wide-range limitation, the external moments can 
always be optimized to the minimum values. The 
relative positions of the pushing rods and position 
switches are shown in Fig. 20. However, the installa-
tion ranges of the elastic devices are limited for a 
separation mechanism. Therefore, these optimization 
results are unreliable. The main reason for these re-
sults is that the major factors affecting the deviation 
of angular velocities have not been found. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Without considering the influence of friction 

force, the separation of the satellite is determined by 
the mass center of the satellite and the installation 
positions of the elastic devices. The mass center of the 
spacecraft will be adjusted before launch to benefit its 
attitude control and steady separation; however, it is 
difficult to adjust for no eccentricity. The deviation in 
the angular velocities of satellite separation is caused 
directly by external moments. When the external 

 
 

Fig. 18  Offset gravity test system after separation 
 

 
Fig. 19  Comparison of the simulation results after opti-
mization and testing  
Variables with subscript t refer to the tested results 

Table 13  Comparison of optimization and test results 

Technical  
specification 

Simulation 
result 

Test  
result 

Relative 
error (%) 

Time (s) 0.051 0.055 7.27 
Separation velocity 

(m/s) 0.980 1.050 7.14 

Rolling angular  
velocity (°/s) −0.063 −0.075 19.04 

Pitch velocity (°/s) 0.086 0.100 16.27 
Yaw velocity (°/s) −0.874 −0.960 9.84 

 

 
Fig. 20  Relative positions of elastic devices when the co-
ordinate ranges are not in a wide-range limitation 
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moments can be optimized, they should be optimized 
on priority. However, the main factors affecting the 
deviation of angular velocities may have to be de-
termined using an angular velocity optimization 
method; the angular velocities can also be optimized 
according to the different positions of elastic devices 
to some extent. In addition, the composite optimiza-
tion method can be used to combine the angular ve-
locities with external moments to optimize the angu-
lar velocities of the spacecraft. 

 
 

6  Conclusions 
 

In this paper, a composite optimization method 
which combines the angular velocities with external 
moments for the separation parameters of large- 
eccentricity pico-satellites was proposed. By chang-
ing the positions of elastic launch devices, this meth-
od effectively controls the popping process with less 
change in the separation mechanism. The reasons for 
the deviation of the angular velocities and the unreli-
able optimization results were presented and ana-
lyzed. This optimization method was proved through 
a ground test, in which the gravity was offset. This 
method was adaptable particularly to non-stable elas-
tic parameters, distribution of all kinds of elastic de-
vices, and large-eccentricity spacecraft for which 
attitude correction is difficult. The separation accura-
cy of a satellite was improved greatly using this op-
timization method. It can avoid the over-large sepa-
ration angular velocities that are beyond the control 
scope of satellite attitude. A solid foundation was thus 
laid for attitude control. Meanwhile, this provides a 
solution for large-eccentricity spacecraft and bad 
separation attitudes. 
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