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OBSERVER-BASED ADAPTIVE SLIDING MODE FAULT-
TOLERANT CONTROL FOR THE UNDERACTUATED
SPACE ROBOT WITH JOINT ACTUATOR GAIN FAULTS

Ronghua Lei and Li Chen

An adaptive sliding mode fault-tolerant controller based on fault observer is proposed for the
space robots with joint actuator gain faults. Firstly, the dynamic model of the underactuated
space robot is deduced combining conservation law of linear momentum with Lagrange method.
Then, the dynamic model of the manipulator joints is obtained by using the mathematical
operation of the block matrices, hence the measurement of the angular acceleration of the base
attitude can be omitted. Subsequently, a fault observer which can accurately estimate the gain
faults is designed, and the estimated results are fed back to the adaptive sliding mode fault-
tolerant controller. It is proved that the proposed control algorithm can guarantee the global
asymptotic stability of the closed-loop system through the Lyapunov theorem. The simulation
results authenticate the effectiveness and feasibility of the control strategy and observation
scheme.

Keywords: space robot, underactuated, actuator gain fault, fault observer, fault-tolerant

Classification: 93C10, 03C65, 34D20

1. INTRODUCTION

Different from the industrial robot whose base is fixed, the base of the space robot is
in free-floating state, so the degrees of freedom of the latter is more than those of the
former, and there is dynamic coupling and kinematic coupling between the base and
the manipulators [2, 17, 28]. The position and attitude of the base of space robot are
adjusted by a momentum flywheel or a jet thruster, while the rotations of the manip-
ulators are controlled by joint motors, i. e., actuators. Considering the high cost of the
jet fuel in space, the position and attitude of the base are usually not controlled. Thus,
the space robot is a kind of nonlinear underactuated system. The space robot can as-
sist astronaut to complete a series of high-risk space tasks, such as spacecraft on-orbit
assembly, satellite maintenance and visual inspection [3, 13, 15, 27], so it can improve
the efficiency of space exploration and reduce the cost. The dynamics and control of the
space robots have attracted great attention of the space technicians all over the world.
At present, the space robots are usually regarded as a class of multi-rigid-body systems,
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and various modeling methods are proposed to describe its kinematic or dynamic char-
acteristics by relevant scholars. Combining Lagrange method and conservation law of
linear momentum, Evangelos [14, 16] deduced the explicit dynamic model of the space
robot, which can fully reflect the dynamic characteristics of the system. Considering the
linear momentum conservation as the constraint of the system, Vafa et al. [24, 25] put
forward the concept of virtual manipulator (VM), which can be used for the kinematic
modeling, workspace analysis and inverse kinematics solution, and kinematic model can
also effectively reduce the interference of the base on the trajectory plannings of the
manipulators. Based on the principle of generalized inertia tensor (GIT) of the ground
fixed-base manipulators, Yoshida [22, 23] proposed the concept of extended generalized
inertia tensor (EGIT), which can be used to calculate the contact force between the end
gripper of the space robot and the target. More recently, He [7, 6] established the PDE
model for the flexible robotic manipulator with input backlash, and proposed a adap-
tive fuzzy control strategy for an uncertain constrained robot using impedance learning
method, which can provide new ideas for the modeling and control scheme design of the
space robot.

The high-speed rotation of the rotor of the joint motor will inevitably increase the
probability of actuator failure, which will further affect the manipulation stability and
control accuracy of the space manipulator. Therefore, it is of great significance to study
the fault-tolerant control of the actuator faults of the space robots. Hu et al [?] presents
an adaptive robust fault-tolerant controller with finite-time convergence for the redun-
dant spacecraft with momentum flywheel faults. For a class of uncertain time-delay
nonlinear systems with actuator faults, Guo and Liang [5] proposed an adaptive de-
centralized fault-tolerant control algorithm based on time-delay substitution and fuzzy
logic systems. For a class of nonlinear systems with random disturbances and Marko-
vian jumping actuator faults, Fan et al [4] designed an adaptive fault-tolerant control
scheme. For a class of nonlinear strict-feedback systems with unmeasured states and
actuator faults, Tong [21] introduced an observer-based adaptive fuzzy fault-tolerant
controller. For a class of stochastic nonstrict-feedback nonlinear systems with input
quantization and actuator faults, Ma et al [12] proposes an adaptive fuzzy fault-tolerant
controller. For a class of switched networked control systems with external disturbances
and actuator/sensor faults, Li and Chen [10] proposed a robust adaptive control method
based on fault observer and second-order discrete-time sliding mode function. For a
class of surface vessels with actuator saturation and faults, Zheng et al [29] formulated
an error-constrained line-of-sight tracking control scheme.

For the space robot with different working conditions, the relevant scholars have
developed the corresponding control schemes. Yu [26] proposed a robust controller based
on nonlinear state observer for the space robot with unavailable joint angular velocity.
For the space robot with dead zone in control input, Huang [9] designed an adaptive
anti-dead-zone controller based on dynamic surface technology and fuzzy logic function.
For the tethered space robot with saturated control input, Lu et al [11] formulated
an adaptive anti-windup controller. It is worth noting that none of these studies have
considered the joint actuator gain fault of space robot.

Actuator faults can be divided into gain faults and bias faults. At present, the research
on gain fault is very scarce. Since the bias fault can be treated as an external disturbance,
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so the research on this kind of fault is very mature. In this paper, the fault-tolerant
control of the space robots with joint actuator gain faults is studied. Firstly, the dynamic
model of the underactuated space robot is deduced combining conservation law of linear
momentum with Lagrange method. Then, the dynamic model of the manipulator joints
is obtained by using the mathematical operation of the block matrices. Subsequently,
an adaptive sliding mode fault-tolerant control algorithm based on fault observer is
proposed for the joint system with gain actuator faults. It is proved that the proposed
control algorithm can guarantee the global asymptotic stability of the closed-loop system
through Lyapunov theorem. Since the designed fault observer can accurately observe the
gain faults, which indicates that the proposed control strategy can provide a theoretical
basis for evaluating the on-orbit service life of the space robots.

The main contributions of this work, compared with the current literatures, can be
summarized as follows:

(1) Compared with the current neural-network-based fault observer, the adaptive sliding
mode fault observer proposed in this paper has the advantages of simple structure and
fast calculation speed.

(2) The active fault-tolerant control method based on fault observation formulated in
this study has better control effect than the traditional passive control strategies, since
it can identify the fault information of the joint actuator, so the operation performance
of the space robot can be evaluated conveniently.

2. SYSTEM DESCRIPTION

The structure of the space robot system consist of a free-floating rigid base B0 and two
rigid links B1 and B2, as shown in Figure 1. O −XY is the inertial coordinate frame
of the system, while oi − xiyi is the local coordinate frame of Bi(i = 0, 1, 2); Oi is the
rotation center of Bi(i = 0, 1, 2), while Ci is the mass center of Bi; l0 is the distance
from point O0 to O1; li(i = 1, 2) is the length of link Bi along the xi axis; mi is the mass
of Bi(i = 0, 1, 2), and Ji is the inertia moment of Bi with respect to its mass center Ci;
θ0 is attitude angle of the base; θi(i = 1, 2) is the angular displacement of the ith link;
The mass of whole system is M = m0 +m1 +m2.

Fig. 1. The structure of free-floating space robot system.

Assumption 1. There is no external force or torque that acts on the system, and thus
linear momentum conservation law strictly holds.
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The position vector ri(i = 0, 1, 2) in the local coordinate frame oixiyi are given by r0 = (x0, y0)
T

r1 = r0 + l0e0 + a1e1
r2 = r0 + l0e0 + l1e1 + a2e2

(1)

where ei is the unit vector along the yi axis, i. e., e0 = [cos (θ0) , sin (θ0)]
T

, e1 =

[cos (θ0 + θ1) , sin (θ0 + θ1)]
T

, e2 = [cos (θ0 + θ1 + θ2) , sin (θ0 + θ1 + θ2)]
T

.
It is reasonable to assume that the initial momentum of the system is zero, i. e.,

ṙc = 0, then according to Assumption 1, we have

2∑
i=0

miṙi = M ṙc = 0 (2)

where rc is the position vector of the mass center of the whole system.
Substituting equation (1) to equation (2), we have ṙ0 = N0ė0 +N1ė1 +N2ė2

ṙ1 = (N0 + l0) ė0 + (N1 + a1) ė1 +N2ė2
ṙ2 = (N0 + l0) ė0 + (N1 + l1) ė1 + (N2 + a2) ė2

(3)

where N0 = − (m1 +m2) l0/M , N1 = − (m1a1 +m2l1) /M , N2 = −m2a2/M .
The kinetic energy of Bi(i = 0, 1, 2) is

T0 = 1
2m0ṙ

T
0 ṙ0 + 1

2J0θ̇
2
0

T1 = 1
2m1ṙ

T
1 ṙ1 + 1

2J1

(
θ̇0 + θ̇1

)2
T2 = 1

2m2ṙ
T
2 ṙ2 + 1

2J2

(
θ̇0 + θ̇1 + θ̇2

)2 . (4)

Therefore, the kinetic energy of the whole system is

T =

2∑
i=0

Ti. (5)

Considering Assumption 1, one can know that the potential energy of the rigid system
V is zero. According to Lagrange method, the dynamics equation of the system can be
described as

d

dt

∂L

∂θ̇i
− ∂L

∂θi
= Qi (6)

where L = T−V = T denotes the Langrange function, and Qi represents the generalized
force or torques delivered by joint actuators. Equation (6) can be rewritten in the form
of differential equation as

D(q)q̈ +H(q, q̇)q̇ =

[
0
τ

]
(7)

where q = [θ0 θ1 θ2 ]T is the state variables; D(q) ∈ R3×3 is the symmetric and positive-
definite inertial matrix, and H(q, q̇)q̇ ∈ R3 is the Coriolis/centrifugal force vector (see
Appendix for detailed dynamics parameters); τ = [u1 u2]T is the control inputs.
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Property 1. Ḋ(q)− 2H(q, q̇) is a skew symmetric matrix, i. e.,

ψT [Ḋ(q)− 2H(q, q̇)]ψ = 0, ∀ψ ∈ R3.

In order to obtain the dynamic model of joints, the dynamic model (7) can be ex-
pressed as [

D11 D12

D21 D22

] [
q̈b
q̈r

]
+

[
H11 H12

H21 H22

] [
q̇b
q̇r

]
=

[
0
τ

]
(8)

where D11, D12 = D21 ∈ R1×2 and D22 ∈ R2×2 are the sub-matrices of D; H11,
H12 ∈ R1×2, H21 ∈ R2×1 and H22 ∈ R2×2 are the sub-matrices of H; qb = θ0,
qr = [θ1 θ2]T . Further, from equation (8), we have

D11q̈ḃ +D12q̈r +H11q̇ḃ +H12q̇r = 0 (9)

D21q̈b +D22q̈r +H21q̇b +H22q̇r = τ . (10)

Solving equation (9) for q̈b

q̈b = −D−111 (D12q̈r +H11q̇b +H12q̇r) . (11)

Combining equations (10) with (11), one can obtain the so-called dynamic equation of
the joints as follows

D(q)q̈r +C(q, q) = τ . (12)

whereD = D22−D21D
−1
11 D12,C =

(
H21 −D21D

−1
11 H11

)
q̇b+

(
H22 −D21D

−1
11 H12

)
q̇r.

For the convenience of the design of the subsequent controller, according to the Quasi-
linearization theory [26], equation (12) can be rewritten as

D(q)q̈r +H(q)q̇r +
(
C(q, q)−H(q)q̇r

)
= τ (13)

where Hij =
∑2
k=1

1
2

(
∂Dij

∂qr(k−1)
+ ∂Dik

∂qr(j−1)
− ∂Djk

∂qr(i−1)

)
q̇r(k−1) When the joint actuator

gain fault occurs [27], the joint dynamics model (13) can be described by

D(q)q̈r +H(q, q̇)q̇r +
(
C(q, q̇)−H(q, q̇)q̇r

)
= Λτ (14)

where Λ = diag{λ1, λ2} denotes the actuator gain fault matrix which is supposed to be
unknown with 0 < λi ≤ 1, indicates the remaining control rate of the ith actuator. The
case λi = 1 stands for that the ith actuator is fault-free, while 0 < λi < 1 means that
the ith actuator loses its effectiveness partially. The main contribution of this research
is to formulate a observer-based fault-tolerant control algorithm for the joint dynamics
model (14) under the actuator gain fault, so as to realize trajectory tracking control and
actuator gain fault observation.
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3. FAULT-TOLERANT CONTROLLER DESIGN

Since the dynamic model (14) represents the actual physical system, thenD is a positive-
definite matrix.

In order to facilitate the design of the subsequent control algorithm, equation (14)
can be rewritten as

q̈r = D
−1

Λτ −D−1ϕ(q, q̇)−D−1H(q, q̇)q̇r (15)

where ϕ(q, q̇) = C(q, q̇)−H(q, q̇)q̇r

Assumption 2. Desired trajectories qrd, q̇rd and q̈rd are norm-bounded.

Define the trajectory tracking error as e = qr − qrd. Then, the extended error is
selected

S = ė+ εe (16)

where ε is a positive constant. Differentiating (16) with respect to time t, and utilizing
equation (15) yields

Ṡ = D
−1
Pτ −D−1ϕ−

(
D
−1
Hq̇r + q̈rd − εė

)
. (17)

The sliding mode fault-tolerant controller (SMFTC) is designed as

τ = Λ̂
−1
D

([
−k11

√
|S1| sgnS1,−k12

√
|S2| sgnS2

]T
+ v +

(
D
−1
Hq̇r + q̈rd − εė

))
(18)

where variables v and Λ are adjusted adaptively by

v̇ = −1

2
[k21 sgnS1, k22 sgnS2]

T
(19)

˙̂
Λ = αΓ

(
D
−1)T

[sgnS1, sgnS2]
T
τT (20)

where k11, k12, k21, k11, α and Γ are positive constants; Λ̂ = diag{λ̂1, λ̂2} is the esti-
mation of Λ. Substituting equation (18) into equation (17), one obtains

Ṡ = D
−1

Λ̃τ −
[
k11
√
S1 sgnS1, k12

√
|S2| sgnS2

]T
+ σ (21)

where Λ̃ = Λ − Λ̂, σ = v −D−1ϕ = [σ1, σ2]
T

. Defining D
−1

Λ̃τ = [µ1, µ2]
T

, and
differentiating σ with respect to time t, we have

σ̇ = −1

2
[k21 sgnS1, k22 sgnS2]

T
+ ξ (22)

where ξ = −Ḋ
−1
ϕ−D−1ϕ̇ = [ξ1, ξ2]

T
.
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4. STABILITY ANALYSIS

Theorem 4.1. Consider the joint dynamics system (12) with Assumptions 1 and 2. If
the fault-tolerant control law is designed as equation (18), with the adaptive laws (19)
and (20), then the closed-loop system (21) is globally asymptotically stable, i. e.,

lim
t→∞

e = 0 (23)

P r o o f . In order to obtain the subsequent Lyapunov function, define

z =
[
zT1 , zT2

]T
= [z11, z12, z21, z22]

T
=
[√
|S1| sgnS1,

√
|S2| sgnS2, σ1, σ2

]T
. (24)

Differentiating equation (24) with respect to time t leads to [28]{
ż1i = − 1

2|z1i| (k1iz1i − z2i − µi)
ż2i = − 1

2|z1i|k2iz1i + ξi
(25)

where ξi(i=1,2) can be expressed as

ξi =
ρi
2

sgnSi =
ρi
2

z1i
|z1i|

, 0 < ρi ≤ 2δi (26)

where ρi and δi are positive constants. Substituting equation (26) into equation (25)
yields

ż = Az +B (27)

where A =


− k11

2|z11| 0 1
2|z11| 0

0 − k12
2|z12| 0 1

2|z12|
−k21−ρ12|z11| 0 0 0

0 −k22−ρ22|z12| 0 0

, B = 1
2

[
R 0
0 0

] [
D
−1

Λ̃τ
0

]
,

R = diag
{

1
|z11| ,

1
|z12|

}
Choosing the Lyapunov candidate as

V = zTPz +
1

2
tr
(
Λ̃

T
Γ−1Λ̃

)
(28)

where tr(·) denotes the trace of matrix (·); P =

[
αI2×2 0

0 βI2×2

]
=

[
P 11 0
0 P 22

]
,

I denotes the identity matrix, and β is a positive constant.
Differentiating equation (28) with respect to time t, and considering equation (27),

we have

V̇ = −zTQz + 2BTPz − tr
(
Λ̃

T
Γ−1

˙̂
Λ
)

(29)

whereQ = −
(
ATP + PA

)
=

[
Q11 Q12

Q12 Q22

]
,Q11 =

[
k11α
|z11| 0

0 k12α
|z12|

]
,Q22 =

[
0 0
0 0

]
,

Q12 =

[
(k21−ρ1)β−α

2|z11| 0

0 (k22−ρ2)β−α
2|z12|

]
.
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Since

zTQz = zT1Q11z1 + zT2Q12z1 + zT1Q12z2. (30)

If Q is a positive semi-definite matrix, then{
k1iα > 0
(k2i − ρi)β − α = 0

. (31)

From equation (31),we have {
k1i > 0
k2i = α

β + ρi
. (32)

Substituting equation (32) into equation (30) yields

zTQz = zT1Q11z1. (33)

Combining equation (33) and adaptive law (20), equation (29) can be rewritten as

V̇ = −zT1Q11z1 ≤ −λmin {Q11} |z1|
2

(34)

where λmin {Q11} represents the minimum eigenvalue of matrix Q11.
From equation (34), one has V ∈ L∞; hence utilizing equation (28), we can know

that z1 ∈ L∞, z2 ∈ L∞ and Λ̃ ∈ L∞; further, from equation (25), we get ż1 ∈ L∞ and
ż2 ∈ L∞. According to Barbalat lemma, one obtains

lim
t→∞

z1 = 0. (35)

Therefore, combining equations (16) and (24), we have

lim
t→∞

e = 0 (36)

which implies the closed-loop system (21) satisfies global asymptotic stability and this
completes the proof of Theorem 4.1.

�

5. SIMULATION EXAMPLES

In order to illustrate the fault-tolerant performance of the proposed SMFTC algorithm
(18), numerical simulations are conducted. The simulation results in different working
condition of controller (18) are compared with those of the computed torque controller
(CTC) proposed by [29], which can not address the actuator gain fault. The CTC
algorithm is described by

τ
CTC

= D (q̈d − kvė− kpe) +C (37)

where kv and kp are positive constant.
The physical parameters assigned on the space robot system are l0 = 1m, l1 = l2 =

3m, m0 = 40kg, m1 = m2 = 3kg, J0 = 40kg ·m2,J1 = J2 = 1kg ·m2.
The controller parameters of SMFTC algorithm are set as k11 = 0.15, k12 = 0.8,

k21 = 0.1, k22 = 0.2, α = 4.5, Γ = 0.1, ε = 3; and CTC algorithm are kv = 6, kp = 10.
The desired trajectories of the link joints are θ1d = sin(0.2πt), θ2d = cos(0.2πt).
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(a) link 1 (b) link 2

Fig. 2. Time response of the joint tracking trajectory.

5.1. Time response in actuator fault-free case

In this case, no joint actuators fault occurs, i. e., Λ = diag{1, 1}. The initial values of the

observer are v(0) = [0.1, 0.1]T, Λ̂(0) = [1.5, 1.5]T. The simulation results are shown in
Figures 2 to 4. Time response of the joint tracking trajectory of the SMFTC algorithm
and the CTC algorithm is show in Figure 2, while Figure 3 is the time response of
the sliding manifold S. The joint actuator gain fault and its estimation is presented in
Figure 4.
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Fig. 3. Time response of the sliding manifold S.

It can be seen that both the SMFTC algorithm and CTC algorithm can stabilize the
tracking error system, as shown in Figure 2; From Figure 4, one can observe that the
joint actuator gain fault can be observed accurately and promptly.
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Fig. 4. Gain fault and its estimation.

5.2. Time response in the case of actuator faults

In this case, the actuator gain fault scenarios are taken into account. The actuator joint
1 loses 70% of its normal control power at 10s, while the joint 2 actuator loses 40%
normal power at 15s; i. e.

λ1 =

{
1, 0s ≤ t < 10s
0.3, 10s < t ≤ 30s

, λ2 =

{
1, 0s ≤ t < 15s
0.6, 15s ≤ t < 30s

. (38)

The initial values of the observer are v(0) = [0.1, 0.1]T, Λ̂(0) = [0.5, 0.8]T. The simula-
tion results are shown in Figures 5 to 7. Time response of the joint tracking trajectory of
the two algorithms is shown in Figure 5, while Figure 6 is the time response of the sliding
manifold S. The joint actuator gain fault and its estimation is presented in Figure 7.

One can observe that once all the joint actuators are subjected to the gain faults,
significant trajectory tracking errors can be seen when CTC algorithm is utilized to the
system as shown in Figure 5, since the CTC algorithm do not has the mechanism to
resist the actuator gain fault. While the proposed SMFTC algorithm can still ensures
that the states of the tracking error system reach the sliding manifold as depicted in
Figure 6. From Figure 7, one can observe that the the joint actuator gain fault can still
be estimated accurately under the fault mode.

6. CONCLUSION

The fault-tolerant control of the underactuated space robots with joint actuator gain
faults is studied. The dynamic model of the space robot is deduced combining conser-
vation law of linear momentum with Lagrange method. Based on the system dynamic
model, the joint dynamic model is obtained by using the mathematical operation of the
block matrices. An adaptive sliding mode fault-tolerant control algorithm based on the
fault observer is proposed for the joint system with gain actuator faults. The simulation
results show that the proposed fault-tolerant algorithm is robust to actuator gain faults.
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(a) link 1 (b) link 2

Fig. 5. Time response of the joint tracking trajectory.

0 10 20 30
−0.6

−0.4

−0.2

0

0.2

time (s)

s
lid

in
g

 m
a

n
if
o

ld

 

 

S
1

S
2

Fig. 6. Time response of the sliding manifold S.

Fig. 7. Gain fault and its estimation.
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Since the designed fault observer can accurately observe the gain faults, which indi-
cates that the proposed control strategy can provide a theoretical basis for evaluating
the on-orbit service life of the space robots. The control algorithm does not need to
measure and feedback the angular acceleration of the base attitude and has few adap-
tive variables, hence it has great value in engineering application. In the future, the
author will extend the fault-tolerant algorithm to the motion control of the space robots
with flexible manipulators and flexible joints simultaneously.
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APPENDIX

The dynamics parameters of floating-based space robot system
D(1, 1) = 2 [E1 + E2 + E3 + E4 cos (θ1) + E5 cos (θ1 + θ2) + E6 cos (θ2)],
D(1, 2) = 2E2 + 2E3 + E4 cos (θ1) + E5 cos (θ1 + θ2) + 2E6 cos (θ2),
D(1, 3) = 2E3 + E5 cos (θ1 + θ2) + E6 cos (θ2), D(2, 1) = D(1, 2),
D(2, 2) = 2E2 + 2E3 + 2E6 cos (θ2) , D(2, 3) = 2E3 + E6 cos (θ2),
D(3, 1) = D(1, 3), D(3, 2) = D(2, 3), D(3, 3) = 2E3;

H(1, 1) = −E4θ̇1 sin (θ1) − E5

(
θ̇1 + θ̇2

)
sin (θ1 + θ2) − E6θ̇2 sin (θ2),

H(1, 2) = −2E4

(
θ̇0 + θ̇1

)
sin (θ1) − E5

(
θ̇1 + θ̇2

)
sin (θ1 + θ2) − E6θ̇2 sin (θ2),

H(1, 3) = −E5

(
θ̇0 + θ̇1 + θ̇2

)
sin (θ1 + θ2) − E6

(
θ̇0 + θ̇1 + θ̇2

)
sin (θ2),

H(2, 1) = E5θ̇0 sin (θ1 + θ2) − E6θ̇2 sin (θ2) , H(2, 2) = E4θ̇0 sin (θ1) − E6θ̇2 sin (θ2),

H(2, 3) = −E6

(
θ̇0 + θ̇1 + θ̇2

)
sin (θ2) , H(3, 1) = E5θ̇0 sin (θ1 + θ2) + E6

(
θ̇0 + θ̇1

)
sin (θ2),

H(3, 2) = E6

(
θ̇0 + θ̇1

)
sin (θ2) , H(3, 3) = 0

where,
E1 = 1

2

[
m0N

2
0 +m1 (N0 + l0)2 +m2 (N0 + l0)2 + J0

]
,

E2 = 1
2

[
m0N

2
1 +m1 (N1 + d1)2 +m2 (N1 + l1)2 + J1

]
,

E3 = 1
2

[
m0N

2
2 +m1 (N1 + l1)2 +m2 (N2 + d2)2 + J2

]
,

E4 = m0N0N1 +m1 (N0 + l0) (N1 + d1) +m2 (N0 + l0) (N1 + l1),
E5 = m0N0N2 +m1 (N0 + l0)N2 +m2 (N0 + l0) (N2 + d2),
E6 = m0N1N2 +m1 (N1 + d1)N2 +m2 (N1 + l1) (N2 + d2).

(Received October 19, 2019)
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