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ABSTRACT In this paper, a disturbance compensation strategy based on disturbance observer control
(DOBC) is proposed to solve parameter perturbation, friction, coupling and external turbulence for two-axes
gimbal control system. Uncertainties, friction, coupling shortcoming of gimbal system is summed up as a
disturbance suppression problem, and achieving disturbance compensation through feedforward channel of
DOBC. However, the compensation effects of DOBC are determined by modeling accuracy of the nominal
plant and feedforward filter design. A H∞-based filter design is adopted to guarantee robust stability of
DOBC when controlled object changed. Because performance weight function of DOBC is derived from
stable constraint of closed-loop system, and robust of closed-loop system can also be satisfied. Eventually,
we completed proof of H∞-based robust DOBC algorithm in pod system, and stability performance of the
system has been greatly improved.

INDEX TERMS Disturbance observe control, disturbance suppression, robust stability, H∞.

I. INTRODUCTION
In the field of target measuring, laser or quantum com-
munication, target tracking, two-axes gimbal system with
azimuth-axis and elevation-axis is widely applied because of
the broad operation range in space area [1]–[5]. In order to
isolate disturbances from base and environment, the gyros are
selected as a feedback sensor of inertial velocity of gimbal
to inhibit external disturbance torque and make sure iner-
tial stability of the system. Its ultimate goal is to provide
adequate stability for outer position tracking loop. However,
gimbal system encounters not only external turbulence but
also effects of friction characteristic and coupling between
two axes. Dynamic characteristic of gimbal system must be
affected as a result of friction and coupling no matter what
working conditions. Especially, friction belongs to a nonlin-
ear disturbance which is difficult to portray by mathematical
modeling. But in moving platform, the most perturbation
problem of gimbal system is disturbance torque caused by
external vibration.

For the disturbance suppression researches of gimbal
system, [6]–[8] utilize H∞-norm robust design method
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respectively to achieve robust velocity controller of the
line-of-sight (LOS) system. In order to compensate friction
effects, Bo Li proposed a simple linear quadratic Gaussian
algorithm, which can estimate friction disturbance on-
line [9]. In [10], the authors combined time-delay estima-
tion method with two-degree-of-freedom (2-DOF) internal
model control to validly compensate nonlinear friction.
Recently, a series of advanced control strategies are success-
fully applied in the gimbal system by some academicians.
[11] used extend state observer of ADRC to observe and
reject external disturbance and internal parameter pertur-
bation. Literature [12] shows a self-tuning PID type fuzzy
controller design method which compares with traditional
PI controller, which has even less response time and
smaller overshooting, to ensure better applicability in dif-
ferent work conditions. An adaptive fractional-order sliding-
mode method can be compensated adaptively according
to the change of disturbance torque that is proposed, and
the stability of the closed-loop system is proved based on
Lyapunov function [13]. These research methods have
achieved compensation and suppression of disturbance of the
gimbal system to a certain extent.

From the disturbance estimation and compensation point
of view, we introduce DOBC into velocity stabilization loop
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of gimbal system in order to improve the system disturbance
rejection ratio in this paper. The DOBC structure was pro-
posed by Ohnishi in 1987 [14] and has been widely used in
motion control. The main idea of DOBC is to estimate dis-
turbance signals depending on its nominal model, then feed-
forward to the closed-loop through filter to offset the effects
of disturbance. Three conflicting performances have been,
how to better balance disturbance rejection, noise suppression
and robust stability in the DOBC design process, the focus of
research [15]–[18]. The author of [19] analyzed in detail the
influence of the numerator order, denominator order, and time
constant of the DOBC filter on the disturbance suppression,
robust performance and noise suppression in the second-
order system, which gives corresponding design guidance.
[20] also presented a sensitivity optimization approach for the
design of DOBC. However, there are various nonlinear distur-
bances, dynamic characteristics changes and modeling errors
in the system, and the traditional DOBC design algorithm
based on the nominal model lacks rigorous robust theoretical
analysis of the system. Further, [21] proposed a graphical
DOBC design method using frequency response analysis.
In [22], [23], DOBC filter design under the performance
constraints is implemented by the H∞ method. Moreover,
an extended H∞ control based on disturbance observation is
proposed [24]. These methods analysis and give the robust
stability constraints based on the uncertainty of the system,
and eventually realize the robust design of DOBC.

In this paper, we consider the amount of disturbance
observed in the DOBC structure as the sum of external distur-
bances, internal frictional disturbances, coupling moments,
and modeling errors faced by the gimbal system. Compared
with traditional PID closed-loop control, it is reasonable to
believe that a gimbal control system with a DOBC compen-
sation structure will exhibit better disturbance suppression
performance. However, the perturbation of the gimbal object
model can cause the DOBC to compromise the stability of the
closed loop system. Therefore, based on the previous theory,
this paper further designs a H∞ norm to solve problem of
Q filter from the frequency domain perspective, and realizes
a simpler solution method by using the performance index of
the pre-implemented stable closed-loop system.

This paper is organized as follows. Section 2 analyses
kinetic relationship of two-axes gimbal and formulates the
disturbing problem of gimbal. In section 3, a design method
of DOBC filter based on H∞ is discussed in detail. The
proposed robust DOBC design procedure is applied to the pod
system, and the experiment results are presented in Section 4.
Finally, conclusions are given in Section 5.

II. MODELING ANALYSIS OF TWO-AXES GIMBAL
SYSTEM
Two-axes gimbal system can be described by azimuth-axis
frame A, elevation-axis frame E and a frame B fixed to
fuselage body, respectively (Figure 1). The gyro sensors are
placed on the azimuth and elevation axes to measure veloc-
ity signal of the corresponding rotation shaft. The velocity

FIGURE 1. Two-axes gimbal system.

FIGURE 2. LuGre friction model.

stabilization closed-loop control of the two-axes is completed
based on the velocity feedback signal, and the stability of the
two axes in the inertial space and the precise follow-up of the
specified velocity input are realized. Finally, the stability and
pointing precision of the pointing axis are ensured.

The angular velocity vector of frame A, E , and B can be
respectively expressed as

ωA = [ωax ωay ω az]
T (1)

ωE = [ωex ωey ω ez]
T (2)

ωB = [ pB qB r B]
T (3)

The three axes components of every frames are denoted
by roll, yaw and elevation. Assume that the coordinate center
points of the three frames are the same point. When the rota-
tion angle ofAwith respect toB is ϕ andE is rotated by θ with
respect to A, according to Euler’s theorem, the corresponding
transformation matrices is obtained

RA,ϕ =

 cosϕ sinϕ 0
− sinϕ cosϕ 0

0 0 0

 (4)

RE,θ =

 cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

 (5)

The inertia matrices of azimuth and elevation gimbals are

Azimuth axis: JA =

 Jax Dxy Dxz
Dxy Jay Dyz
Dxz Dyz Jaz

 (6)

Elevation axis: JE =

 Jex Kxy Kxz
Kxy Jey Kyz
Kxz Kyz Jez

 (7)
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FIGURE 3. The control structure of two-axes gimbal system based on DOBC.

D and K are the inertial coupling coefficients between
the axes, respectively. According to the Euler rotation angle
relationship and the rotational inertia relationship matrix,
the total torque T acting on each axis of the frame can be
described as

T =
d
dt
H̄ + ω̄ × H̄ (8)

In which the angular momentum is defined by H̄ = J ω̄.
ω̄ expresses the body inertial rate in the body fixed frame,
and J is the body inertia matrix.

Further, the motion equation of gimbal is obtained as
follows

J ˙̄ω = Tm + Td (9)

where Tm is the controlling torque of motor, Td depicts a
total disturbance torque include friction torque d1, coupling
torque d2 and external disturbance torque d3.

Td = d1 + d2 + d3 (10)

d1 is the total friction disturbance of the gimbal, which is
comprised by the maximum static friction, coulomb friction,
and viscous friction. Concretely, the LuGremodel can be used
to describe the relationship between the angular velocity ω
and the friction torque Mf :

Mf = Mc + (Mm −Mc)e
−( ω

ωstr
)2
+ fmω (11)

where Mm is the maximum static friction torque, Mc is the
Coulomb friction, fm is the viscous friction, and ωstr rep-
resents stribeck characteristic velocity. The maximum static
friction torque is greater than the Coulomb friction torque,
and the Coulomb friction torque is constant during the rota-
tion. Due to the effects of these nonlinear friction, gimbal
system will have low-speed crawling problem. Moreover,
actual friction model is varied when gimbal is in the different
directions of rotation.

The effects of external physical disturbance torque such
as wind disturbance and carrier vibration on the gimbal are
defined as d2. d3 represents the coupling relationship between

the azimuth-axis and elevation-axis, which generate mutual
coupling moments during the movement of the frame.

The azimuth-axis and elevation-axis of the gimbal are
respectively subjected to the coupling torque Ta and Te

Ta = (Dxy sinϕ − Dyz cosϕ)ω̇ey
+ (Dxy cosϕ + Dyz sinϕ)ω2

ey

+ [(Jaz − Jax) sin(2ϕ)+ 2Dxz cos(2ϕ)]ωeyωaz (12)

Te = (Dxy sin θ − Dyz cos θ )ω̇az
− 0.5[(Jez − Jex) sin 2θ + 2Dxz cos 2θ ]ω2

az (13)

Under the influence of various nonlinear disturbances and
couplings, the model characteristics of the gimbal have a
certain degree of parameters perturbation. The closed-loop
control based on PID and zero-pole cancellation can guar-
antee the robust stability of the system. However, disturbance
suppression performance expected in the system design can-
not be achieved.

Generally, the control structure of the gimbal consists of
a current loop and a velocity loop, as shown in Figure 3.
The current loop is used to overcome the influence of the
inductance value waves of the reactor, improving the dynamic
response capability of the current. Further the characteristics
of controlled object of velocity stability loop is improved, and
the influence of current fluctuation on the output torque of
the motor is suppressed. The velocity loop is responsible for
stabilizing gimbal in inertial space and ensuring disturbance
suppression performance.

The PWM power amplification component in Figure 3 is a
proportional element. The velocity open-loop transfer func-
tion which is

P =
ωa

Ir

=
1

JRs2 + (JL + CiKiJ + fmR)s+ fmL + CmKb + CiKifm
(14)

The current closed-loop bandwidth is above 100 Hz, and
Ia
Ir

is approximately be 1. Therefore, P can be further
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FIGURE 4. The standard DOB-based closed-loop system.

simplified to

P =
ωa

Ir
=

CiKiCm
JRs2 + (JL + CiKiJ )s+ CmKb + CiKifm

(15)

In order to further improve the disturbance suppression
performance of the gimbal system. A DOBC is introduced
into feedback control loop in this paper. However, due to the
nonlinear friction model and coupling, the velocity object
characteristics of the gimbal will be subject to uncertainty
perturbation. Even when the gimbal rotates clockwise and
counterclockwise, the viscous friction coefficient fm is dif-
ferent, and the direction of maximum static friction and
coulomb friction are also different. Therefore, the traditional
DOBC algorithm based on themodel will have some observa-
tion errors, which is difficult to guarantee the robust stability
of the system. For this problem, using an effective robust
DOBC integrated design strategy to solve this problem is
proposed in the next section.

III. ROBUST DOBC DESIGN
The essence of the DOBC is that, by the error between the
given nominal model and the actual platform model,
the errors are treated as a disturbance and fed forward to the
forward channel in the closed-loop, ultimately achieving the
elimination of system disturbances, as shown in Figure 4.

Multiplicative perturbation form of actual plant P is indi-
cated by P = (1+1)Pn, ‖1‖∞ ≤ 1. From the typical DOBC
diagram in Figure 5, the relationship between the input u,
noise ξ and output y of the DOBC can be obtained.

y =
Pn(1+1)Pn

Pn + ((1+1)Pn − Pn)Q
u

−
(1+1)PnQ

Pn + ((1+1)Pn − Pn)Q
ξ

−
Pn(1+1)Pn(1− Q)

Pn + ((1+1)Pn − Pn)Q
d (16)

Further it can be reduced to

y =
(1+1)Pn
1+1Q

u−
(1+1)Q
1+1Q

ξ −
(1+1)Pn(1− Q)

1+1Q
d

(17)

In practice, the effects of various disturbances and frictions
are significant in the low-frequency range, while the influence
of noise for system is significant in the high-frequency range.

FIGURE 5. The typical DOB structure.

FIGURE 6. The general DOBC loop in the case of model uncertainty.

At the low-frequency,1 is the upper bound of the uncertain
change of the system model. When Q is approximately 1,
it can suppress the influence of uncertainty 1 on the model
output and eliminate the influence of disturbance d . At the
high-frequency, due to the limitation of the closed-loop band-
width, 1 can be neglected to be approximately 0. Q should
tend to 0 and have strong signal attenuation capability in
order to suppress noise effects. In summary, the design of
the Q filter should be in the form of a low-pass filter. Only
in this way can the suppression of low-frequency distur-
bances, uncertainties, and high-frequency noises be guaran-
teed simultaneously.

A. SENSITIVITY ANALYSIS
1 − Q is regarded as the sensitivity function S of DOBC,
and the corresponding complementary sensitivity function is
T = 1− S = Q. Thus, Figure 5 can be replaced by Figure 6.
The transfer function of u to v is Q in Figure 6. According

to small-gain theory, the necessary conditions for DOBC to
satisfy robust stability are:∥∥∥WTQ−1

∥∥∥
∞

< 1 (18)

where WT is an upper bound function of uncertainty 1.
From Figure 5, we know that the sensitivity and comple-

mentary sensitivity function of the DOBC is equivalent to the
transfer function of the input u to the output y. Therefore,
the following form is derived as follows.

SDOB =
1− Q
1+1Q

(19)

TDOB =
(1+1)Q
1+1Q

(20)
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Assuming that1 = 0 for simplification, (17) is changed to

y = Pnu− Qξ − Pn(1− Q)d (21)

Considering that the requirements for low-frequency dis-
turbance and uncertainty suppression performance conflict
with the high-frequency noise suppression capability, it is
necessary to design a suitable Q filter cutoff frequency to
balance the performance of the system in the full-frequency
band. Then SDOB = 1 − Q, TDOB = Q.The cost function of
DOBC is defined by H∞ norm.

min
Q stabilizaing

∥∥∥∥WC (1− Q)
WQQ

∥∥∥∥
∞

(22)

where the weight functionWC represents low-frequency sup-
pression performance. its inverse represents the desired sensi-
tivity at low frequencies, limiting the desired disturbance and
the upper-bound of the uncertainty model. Similarly, noise
suppression performance is expressed by the inverse of WQ.
However, equation (22) is not a standard robust H∞ norm
optimization problem, which is difficult to solve by DGKF
algorithm.

B. Q FILTER SOLUTION
The general standard robust solution problem can be simply
described which in a standard closed-loop feedback system
defining the H∞-norm optimization equation based on the
performance weight function of the closed-loop system and
solving the corresponding closed-loop controller C . When
there is no DOBC in the closed-loop, the specific expression
is as follows

min
C stabilizaing

∥∥∥∥∥∥∥
WP

1
1+ PC

WM
PC

1+ PC

∥∥∥∥∥∥∥
∞

(23)

where 1
1+PC and PC

1+PC are the sensitivity and complementary
function of closed-loop system without DOBC, WP and WM
can be obtained by system design experiences and experimen-
tal testing.

When DOBC is introduced into inner loop of the closed-
loop system, Sclo and Tclo can be respectively expressed by

Sclo =
1− Q

1+ PnC
=

SDOB
1+ PnC

(24)

Tclo =
PnC + Q
1+ PnC

=
PnC + TDOB
1+ PnC

(25)

Here Sclo and Tclo both no longer satisfy the preset conditions
for solving the standard robust stability problem, and it is
difficult to directly calculate the Q filter that realizes the
expected performance. Three important issues need to be
addressed in the process of transforming H∞-based DOBC
problems into a standard robust framework problem.

1. How to convert the problem into a standard robust
solution problem;

2. How to ensure the robust stability of Q filter to the
closed-loop system;

3. How to determine the weight function of Q filter.

For the first question, we define a scalar pseudo open-loop
function L = P̃K , and L = Q(1 − Q)−1. Then Q and 1 − Q
can be expressed as Q = L(1+L)−1 and 1−Q = (1+L)−1,
respectively. After such the transformation, the relevant the
cost function of DOBC is converted into a standard robust
solution form. Where K is the robust controller solved by the
DGKF solver. Therefore, the new cost function of DOBC is

min
K stabilizaing

∥∥∥∥ WC (1+ P̃K )−1

WQP̃K (1+ P̃K )−1

∥∥∥∥
∞

(26)

According to given Theorem 1 in [22], the optimized loop
function L is independent of the choice of P̃ and is uniquely
determined when P̃ does not have any unstable poles and
zeros except infinite zeros. Therefore, the selected P̃ will not
have any effect on the norm minimization of the problem
as long as it meets the requirements. When K is solved,
the corresponding Q filter is also obtained.

The second and third question is considered simultane-
ously. In practice, it is not easy to directly give the perfor-
mance weight function of Q filter. Therefore, we believe that
the robust stability of designed Q filters based on robust
stability boundary conditions WP and WM of the closed-

loop system can be guaranteed when min
Cstabilizaing

∥∥∥∥ WPSclo
WMTclo

∥∥∥∥
∞

satisfies the robust stability requirement.
Therefore, the error cost function is rewritten by∥∥∥∥WP

1− Q
1+ L

∥∥∥∥
∞

< 1 (27)

Suppose the following (28) always exists∥∥∥∥WP
1

1+ L

∥∥∥∥
∞

< WPD (28)

Then

‖WPD(1− Q)‖∞ < 1 (29)

For robust stability of DOBC,

‖WMTclo‖∞ < 1 (30)

It can be converted into∥∥∥∥WM
L + Q
1+ L

∥∥∥∥
∞

< 1 (31)

|Q| <
∣∣∣W−1M (1+ L)

∣∣∣− |L| (32)

If W−1MD always satisfy (33)

|Q| < W−1MD <

∣∣∣W−1M (1+ L)
∣∣∣− |L| (33)

The new cost function can be obtained as

‖WMDQ‖∞ < 1 (34)

The weight function of the Q filter is determined based on
(28) and (33), and theQfilter design problem of (22) is finally
evolved into the robust design problem described in (35).

min
Q stabilizaing

∥∥∥∥WPD(1− Q)
WMDQ

∥∥∥∥
∞

(35)
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FIGURE 7. The pod experiment platform.

whereWPD is a redefined ofWC ,WMD is a redefined ofWQ.
Therefore, (26) is redesigned as

min
K stabilizaing

∥∥∥∥ WPD(1+ P̃K )−1

WMDP̃K (1+ P̃K )−1

∥∥∥∥
∞

(36)

Finally, the final Q filter expression can be obtained by
solving K with the hinfsyn function in the Matlab toolbox.

IV. EXPERIMENT VERFICATION
In the actual experimental, we use the two-axes pod system
as the experimental platform for the robust DOBC control
algorithm verification. The experimental platform is placed
on a disturbance platform that can be rotated in azimuth to
simulate external disturbances. Gyro sensors for measuring
the velocity signal is mounted on the two rotating shafts of
the pod and the disturbance platform. The electrical system
of the entire experimental platform was implemented using
a PC104-based control processing board. The system’s inter-
rupt execution frequency and sampling frequency are 1KHz.
For the power drive unit module, a PI control algorithm
is used to implement a current closed-loop bandwidth of
above 120 Hz in the analog circuit board. The experimental
platform is shown in Figure 7.

When the two axes of the gimbal are completely perpen-
dicular to each other, the coupling torque is zero. Since the
actual system inevitably has certain mechanical assembly
errors, we have performed coupling measurements on two
axes of the experimental platform. The experimental results
are shown in Figure 8 and Figure 9. It can be seen that
the coupling torque of the two axes is less than −25 dB
within 30 Hz, and the influence of the coupling torque can be
neglected. For coupling torques above 30 Hz, the influence
of the coupling torque can also be approximately ignored
because it is not within the velocity closed-loop operating
bandwidth of the system (<30 Hz). Ignoring the influence
of coupling torque, the other characteristics of the two axes
are consistent. Therefore, the azimuth-axis is selected as the
control object in the experiment.

FIGURE 8. The cross-coupling result of azimuth-axis.

FIGURE 9. The cross-coupling result of elevation-axis.

The velocity open-loop characteristic Gv of the azimuth
rotation axis of the pod is composed of two one-order low-
pass filters.

Gv =
2.2

(0.075s+ 1)(0.001s+ 1)

The corresponding velocity controller Cv is designed as

Cv = 550
(0.24s+ 1)(0.046s+ 1)
(1.6s+ 1)(1.3s+ 1)

The designed open-loop characteristic is 10.2dB ampli-
tude margin, 54.3deg phase margin, and open-loop cut-off
frequency of 14.3Hz. Ultimately, a 20Hz velocity closed-
loop bandwidth is achieved. According to the suppression
performance and closed-loop response of the closed-loop
system, WP =

3.333s+65
s+0.65 and WM =

0.008s+1
2 are selected

as the performance constraint weight functions of the closed-
loop system, as shown in Figure 10 and Figure 11. The
DOBC design based on the weight function can guaran-
tee the robustness of both the closed-loop system and the
DOBC itself.
P̃ is set to a second-order low-pass form, and the cutoff fre-

quency of L is consistent with the open-loop cutoff frequency
after velocity closed-loop achieved. The open-loop character-
istic after the actual closed-loop system is shown in Figure 12.
L is approximately 50

0.5s+1 . According to equations (28)
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FIGURE 10. The sensitivity function design of closed-loop system.

FIGURE 11. The complementary sensitivity function design of closed-loop
system.

FIGURE 12. The open-loop characteristic of closed-loop system.

and (33), the constraint weight functions of the DOBC are
further obtained as follows:

P̃ =
1

0.0001s2 + 0.004s+ 1

WPD = 5
s+ 60
s+ 5

WMD =
(0.05s+ 1)

3.8

Based on the function given above, substituting into the
H∞ formula solver of Matlab, the K controller and the final

FIGURE 13. Comparative results of disturbance suppression
characteristics in frequency domain.

FIGURE 14. Comparison of disturbance suppression performance in time
domain; (a) disturbance input frequency 0.5HZ; (b) disturbance input
frequency 3HZ; (c) disturbance input frequency 10HZ.

Q filter are obtained.

K =
1.658e04s+ 4.045e06

s2 + 7.434e04s+ 3.717e05

Q =
4.0451e06

(s+ 7.433e04)(s+ 59.46)

The ways to improve the disturbance suppression per-
formance of control system are feedforward compensation
and improving the open-loop gain of system. Improving the
system type, that is, increasing the number of integral in the
front channel of the system, is a common method to improve
the low-frequency gain of the system. In order to prove the
progressiveness of robust DOBC, four groups experiments
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based on PID, PID-I, zero-type controller and zero-type plus
DOBC were designed and implemented in this paper.

In the experiment, the disturbance platform produces a
sinusoidal output signal with a 0.5 to 10 Hz amplitude
of 10 deg/sec and a variable frequency. The reference input of
pod system is 0. The measurement results of the disturbance
suppression comparison shown in Figure 13 are obtained, and
Figure 14 shows the azimuth-axis output of the pod system on
the disturbance input frequency of 0.5 Hz, 3 Hz, and 10 Hz.
Through experiments, it can be analyzed that although PID
and PID-I can improve the system type, the phase attenuation
of the system is severe due to the integral, which reduces the
low-frequency open-loop gain in order to satisfy the stabil-
ity margin of the system. Therefore, the design method of
the zero-type controller is more advantageous for two-axes
gimbal system. Realizing robust DOBC based on the zero-
type controller can further improve the disturbance suppres-
sion performance of the system. Especially, the suppression
performance at 0.5 Hz is improved by about −11 dB with
respect to the zero-type controller.

V. CONCLUSION
Aiming at the disturbance suppression problem faced by
the two-axes gimbal systems, this paper proposes a robust
DOBC-based disturbance compensation method. Friction,
coupling and external disturbances affecting the perfor-
mance of the gimbal system are compensated by the DOBC
feedforward loop. Because nonlinear friction can result in
uncertainty problem, a low-pass filter design scheme for
DOBC under the standardH∞ problem framework is further
designed. The weight function of the DOBC in this scheme is
determined based on the sensitivity function and the comple-
mentary sensitivity function of the actual closed-loop system,
thus ensuring the robustness of the DOBC to the closed-loop
system. The experiment results demonstrate good disturbance
suppression ability and robust performance of the proposed
robust DOBC design method. However, final disturbance
compensation performance of the robust design of DOBC,
in order to ensure its own and the robustness to the system,
may be conservative. Therefore, the future research work will
attempt to establish some nonlinear estimation models in the
DOBC’s nominal model to further improve the disturbance
suppression capability.
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