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ABSTRACT A novel control scheme for a thrust vector system with an electromechanical actuator is
proposed. The proposed method merges the idea exploited in sliding mode control (SMC) with proportion–
integration–differentiation (PID) control, which brings advantages in terms of strong robustness and good
position tracking performance, while the chattering of the control signal produced by the SMC is small.
A model for a typical thrust vector system with an electromechanical actuator is established and analyzed.
To evaluate the performance of the proposed approach, the traditional PID controller mixed with bang-
bang control and the proposed compound control law is applied to the two-channel model of the thrust
vector system with an electromechanical actuator. Various simulation examples are provided to show that
this compound control law has stronger robustness to the model parameter uncertainty and better position
tracking performance. In addition, the chattering is slight.

INDEX TERMS Electromechanical actuator (EMA), sliding mode control (SMC), thrust vector
system (TVC).

NOMENCLATURE

a1,2,3, b1 Coefficients of the nominal dynamic model.
ã1,2,3, b̃1 Coefficients of the actual dynamic model.
B Pitch of the ball-screw.
Ba Damping coefficient of brushless direct

current motor.
Bn Coefficient of viscous damping of the load.
D Moment arm of the actuator about the

load pivot.
d Interference and modeling uncertainty.
em Tracking error of the slide model controller.
I Motor armature current.
ig Deceleration ratio of the gears.
Ja Moment of inertia of brushless direct

current motor.
Jn Inertia of the load on the actuator swing-plane.
ki Compensation coefficient of the input in the

ith actuator (i=1,2).
Kl Stiffness of the drive rod.
Km Motor back electromotive force constant.
Kn Coefficient of the elastic torque of the load.

KT Torque constant of brushless direct
current motor.

L Motor armature inductance.
Lb Pitch of the ball-screw.
qi Pitch and yaw angles of the nozzle (i=1,2).
R Motor armature resistance.
Tib Euler angle transformation matrix (i=1,2).
TL Load into brushless direct current motor.
Tn Ratio of motor rotation to drive rod translation.
u Applied average motor armature voltage of

the actuator.
Xij Four position vectors of the actuators to calculate

transformation functions (i = 0, 1; j = 1, 2).
ya Linear displacement output of the actuator at the

input end of the ball-screw.
yd Desired linear displacement of the actuator.
yn Linear displacement output of the actuator at the

load end.
α Rotating angle of the motor rotor.
β Swaying angle of the motor.
εi Solved compensation input of the ith actuator

(i=1,2).
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ξp,n Damping coefficient of the peak filter and the
notch filter.

λi Switching function parameters of sliding mode
controller (i=1,2).

σi Two parameters of the sliding surface (i=1,2).

I. INTRODUCTION
With the development of some special aircraft, such as rock-
ets and missiles, the demand for high maneuvering flight
continues to increase, and thrust vector control (TVC) has
become particularly important [1], [2]. Thrust vector control
employs nozzle deflection to produce a propulsive compo-
nent to increase the incidence angle and thus maneuvers
the vehicle through the ensuing aerodynamic forces. And
A common feature is the deflection of the propulsive vector
from the vehicle centerline in order to produce a moment
about the center of the mass of the vehicle [3], [4]. TVC uses
the manipulation of the engine thrust direction to achieve the
attitude adjustment of a vehicle and has the advantages of a
small axial thrust loss, a fast dynamic response, and a large
control function [5].

The use of electromechanical actuators (EMAs) is becom-
ing increasingly popular in the aerospace industry because of
their attractive characteristics such as simplicity, reliability,
low cost, good dynamic characteristics, momentary overdrive
capability and easy control. EMAs are being used inmany sit-
uations where hydraulic systems have been employed almost
exclusively in the past with their disadvantages such as poor
maintenance, sensitivity to oil temperature, and leakage prob-
lems [6]–[9]. For these reasons, the thrust vector control
with an electromechanical actuator (TVC-EMA) system has
attracted much attention.

For the controller design, the model is subject to uncer-
tainties from several sources: perpetual parametric variations
caused by temperature changes, aging, un-modeled dynam-
ics, load changes, and asymmetric behavior, as well as large
combustion transients at engine startup and shutdown [10].
Therefore, it is desirable to develop an EMA controller that
can provide strong robustness. Slidingmode control (SMC) is
an effective control method with strong robustness [11]–[14].
For over fifty years, SMC has been widely studied and exten-
sively employed in many applications [15]–[18]. One of the
most intriguing aspects of sliding mode is the discontinuous
nature of the control action whose primary function of each
of the feedback channels is to switch between two distinc-
tively different system structures such that a new type of
system motion, called sliding mode. This peculiar system
characteristic is claimed to result in superb system perfor-
mance which includes insensitivity to parameter variations,
and complete rejection of disturbances. And the disadvantage
of this method is that when the state trajectory reaches the
sliding surface, it is difficult to strictly slide along the sliding
surface toward the equilibrium point, but on both sides of
the sliding surface through the back and forth, resulting in
vibration [19].

Ílyas Eker proposed a second-order sliding mode control
with a proportion-integration (PI) sliding surface for an elec-
tromechanical plant, and experimental results demonstrated
that the 2-SMC system had better tracking specifications than
PID control [20]. Lu et al. adopted H∞ control and µ syn-
thesis theory for TVC to suppress the model perturbation in
the large inertial tracking problem [21]. Li et al. proposed a
very efficient controller to supplement this work, designing
a compound control law composed of a PID controller and
bang-bang control [7]. Wang et al. proposed a robust con-
troller through the sliding-mode variable structure approach
for one channel in TVC-EMA [22].

However, some problems have been neglected in previ-
ous studies. For example, the nozzle pivots about a gimbal
jointly driven by two actuators that are mounted 90◦ apart
around the circumference of the engine, which can make
the nozzle realize coordinated motion in the pitch and yaw
directions [7], [22], but neither the model perturbation nor
the disturbance force were studied with the two-channel cou-
pling problem, that is the nozzle motion has strong coupling
between the pitching and yawing directions. A controller
based on SMC was also studied with the coupling problem to
solve the coordinated motion of two actuators. The purpose
of this paper is to present a novel control method to improve
the overall performance of the TVC-EMA system, including
stability, precision, rapidity and robustness, when the nozzle
is driven by two actuators. One of main contributions of this
paper is its consideration of this structure with nominal model
for this kind of application.

The remainder of this paper is organized as follows.
In Section II, the considered thrust vector control system
with an electromechanical actuator (TVC-EMA system) is
illustrated. Section III introduces the control block diagram
and the compound control law. Section IV presents the nom-
inal model of the TVC-EMA system based on resonance
suppression, and Section V designs the SMC controller and
analyzes its stability. A simulation of the TVC-EMA system
is performed and the results are analyzed in Section VI, and
Section VII draws the conclusions of this paper.

II. DESCRIPTION OF THE TVC-EMA SYSTEM
According to the dynamic performance indexes for the single-
channel actuator in [21] and the coupled motion of the noz-
zle between the pitch and yaw channels in [7], the detailed
demands of the dynamic performance in the step response of
the pitch and yaw angles are the following: settling time is less
than 0.2 seconds, the steady-state error is smaller than 1%,
and the overshoot should be limited to less than 1%.

The typical configuration of TVC-EMA in an aircraft is
shown in Fig. 1. The nozzle pivots about a gimbal jointly
driven by two actuators that enables the nozzle to realize
coordinated motion in the pitch and yaw directions.

To carry out a control study of the EMA system, the
mathematical modeling should first be investigated. Many
modeling studies on the EMA system have previously been
reported. Sang Hwa Kim and Min Jea Tahk presented a
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FIGURE 1. Configuration of the thrust vector control system with an
electromechanical actuator.

method for the modeling of the dynamic stiffness of an elec-
tromechanical actuator [23] and proposed an approach for
handling large static stiffness values of the EMA components.
Schinstock et al. presented a linearized model of TVC-EMA
for rocket engines along with effective methods of estimat-
ing the model parameters [24]. Rafik Salloum et al. used
experimental identification and structured and unstructured
uncertainty modeling for designing an EMA system with a
harmonic drive, and a robust PID controller based on the
Kharitonov method was designed [25]. The modeling is not
the focus in this paper; rather, we have proposed a novel
control scheme and verified it. A typical EMA system with-
out a controller mainly comprises a brushless direct current
motor (BLDCM), a transmission mechanism including gears
and a ball screw, and a displacement sensor. The generic
BLDCM voltage equations can be written as [23]

u = Kmα̇ + RI + Lİ (1)

The relation between the electromagnetic torque (TL) and
the mechanical angular velocity (α̇) of the motor can be
written as

KT I = TL + Jaα̈ + Baα̇ (2)

The transmission mechanism transforms angular displace-
ment (α) to linear displacement (ya), and its function can be
described as

ya =
αLb
2πNg

(3)

The mathematical model of the nozzle can be written as

Tn = DKl(ya − yn) = Jnβ̈ + Bnβ̇ + Knβ (4)

The relation between the load torque (Tn) and the electro-
magnetic torque (TL) can be written as

TL =
B

2π igD
·
Tn
ηa

(5)

Because the angles in the TVC-EMA system are small,
usually no greater than 10◦, the linear displacement of the
actuator by the angle of the nozzle can be expressed as

yn = Dβ (6)

The transmission structure of TVC-EMA in one channel is
shown in Fig. 2.

FIGURE 2. Transmission structure of TVC-EMA in one channel.

When the two actuators drive the load movements in the
pitch and yaw directions (that is, the nozzle swing), there
is coupling between their linear displacements. A previous
study [7] derived mutual transformation functions between
the linear displacement of the actuator and the desired rota-
tion angle of the load (that is, the nozzle) using Euler angles,
as shown in

Tib =

 cos q1 cos q2 − sin q1 cos q1 sin q2
sin q1 cos q2 cos q1 sin q1 sin q2
− sin q2 0 cos q2

 (7)

{
X2i = TibX1i
yni = ‖X2i − X0i‖ − ‖X1i − X0i‖ (i = 1, 2)

(8)

where X01 = [−290.0,−297.0, 0]T , X02 = [−290.0, 0,
−297.0]T , X11 = [−852.3,−193.2, 0]T , X12 = [−852.3,
0,−193.2]T , and the unit is millimeters.

III. PROPOSED CONTROL SCHEME
Considering the control of the two EMAs in the pitch and yaw
directions, the double-channel control scheme is designed
as Fig. 3. At the same time, because the feedback input (yα) is
the linear displacement of the actuator and it is desired that yn
track yd , there is a compensation value εi for each channel [7].
In general, the command inputs are the pitch and yaw angles,
so there are transformation functions that transfer the linear
displacement of the actuator between the rotation angles in
each channel.

In Fig. 3, EMA_1 and EMA_2 are the control laws of
the pitch and yaw motions, respectively; F1 and F2 are the
transformation functions; and f1 and f2 are compensation
functions, which are presented as follows:

εdi = ki(yai − yni) i = 1, 2 (9)
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FIGURE 3. Control block diagram of TVC-EMA.

FIGURE 4. Control law block diagram of every channel.

As shown in Fig. 4, a compound control law composed of
a PID controller and a sliding mode controller is proposed.
According to Eq. (4), ym could be transferred into the rotation
angle of the motor α. The nominal model of TVC-EMA is
controlled by a PID controller, and the TVC-EMA plant is
controlled by SMC. A nominal model can be obtained by
simplifying the transfer function using constant parameters
so that the PID controller will not face parameter pertur-
bation. When the TVC-EMA plant does generate parame-
ter perturbation, the SMC will make up for the effect. The
output of the nominal model (αp) will track the command
signal (θd ), and it serves as the input of the SMC.Meanwhile,
the output of the plant (αs) will track αp and the command
signal. in Fig. 4, the SAT is a limiter that keeps the voltage
amplitude within 54 V because of the limited power, and
this is consistent with the actual situation of the aircraft
engine.

In addition, if SMC is used alone, it will introduce the
third derivative of the command signal, which makes the
control voltage produce great chattering. The actual output
of the control voltage does not reach the desired value of
the SMC because of the voltage limiter, and the introduced
compensation value, after the third-order differential, will
increase the control voltage chattering.

From the control law block diagram, we see that the control
performance is largely dependent on the control for the nom-
inal model. Hence, feedforward compensation and advance
compensation are added to improve the control performance
of the PID controller, especially the position command
tracking.

TABLE 1. Parameters of TVC-EMA.

IV. PARAMETER DESIGN OF THE
PROPOSED CONTROLLER
To evaluate the control scheme proposed by this paper and
enable easy comparison with existing schemes, the parameter
values of the TVC-EMA system model are the same as those
used in a previous paper [7], as shown in Table 1. The
input voltage limiters are omitted in the proposed controller
parameter design process, and the controller with limiters is
verified by the simulation.

A. NOMINAL MODEL BASED ON
RESONANCE SUPPRESSION
The resonance causes the dynamic characteristics of the
mechanical transmission parts to deteriorate. And the
mechanical system will cause vibration at the frequency of
the system resonance, resulting in damage to the mechanical
equipment.

An open-loop transfer function G(s) in which the input is
the voltage U and the output is ym will be obtained when the
parameter values are input into the transfer function block
diagram.

G(s) =
Ym(s)
U (s)

=
167.65(s2 + 5.978s+ 2.583× 106)

(s+ 0.4175)(s2 + 312.5s+ 3.656× 104)

•
1

(s2 + 24.28s+ 3.935× 106)
(10)

Fig. 5 shows that there are two resonant points that are a
notch resonance and a peak resonance in the high-frequency
band, and their frequencies are 1607 rad/s and 1984 rad/s,
respectively. To improve the anti-noise interference ability,
they are offset using a peak filter and a notch filter, respec-
tively [26]. Their transfer functions are as follows:

Gpeak_filter =
s2 + 2ξp · 1607s+ 2.583× 106

s2 + 5.978s+ 2.583× 106
(11)
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FIGURE 5. Open-loop Bode diagram of G(s).

Gnotch_filter =
s2 + 24.28s+ 3.935× 106

s2 + 2ξn · 1984s+ 3.935× 106
(12)

where the damping coefficients are ξp = 0.68 and ξn = 0.73,
respectively.

FIGURE 6. Bode diagrams of the TVC-EMA plant, the filter-corrected
model and the fitted model.

Gpeak_filter , Gnotch_filter and G are connected in series to
correct the TVC-EMA plant, and then, the nominal model
of the TVC-EMA system is obtained by fitting the Bode
diagram. Fig. 6 shows the Bode diagrams of the TVC-EMA
plant, the filter-corrected model and the fitted model.

Upon fitting the Bode diagram, the nominal model of the
TVC-EMA system is as follows:

Gnominal =
110.1

s3 + 312.9s2 + 3.669× 104s+ 1.526× 104
(13)

B. PID CONTROLLER DESIGN
The closed-loop Bode diagrams of the plant and the nomi-
nal model are obtained by adding the same PID controller.

FIGURE 7. Closed-loop Bode diagrams of the plant and the nominal
model.

Fig. 7 shows that the notch filter and the peak filter effectively
suppress the high-frequency resonance of this TVC-EMA
system.

In the proposed control scheme, the transfer function of the
PID controller is designed as follows:

GPID = 100500+ 6500
1
s
+ 20s (14)

and the transfer functions of the lead compensation and feed-
forward compensation are as follows:

Glead =
s+ 180
s+ 520

(15)

Gpre = 350s (16)

C. SMC DESIGN AND STABILITY ANALYSIS
According to the nominal model and considering that the
linear displacement of the actuator is transferred to the angu-
lar displacement of the motor through Eq. (4), the dynamic
model is

...
αp = −a1α̈p − a2α̇p − a3αp + b1v (17)

where a1 = 312.9, a2 = 3.669× 104, a3 = 1.526× 104, and
b1 = 3.456× 105.
According to Eq. (1)-Eq. (6), the actual dynamic model of

the plant is

...
α s = −̃a1α̈s − ã2α̇s − b̃1αp − f + d (18)

where ã1 = R+L
L , ã2 =

KmKT+RBa
LJa

, b̃1 =
KT
LJa

, f = RTL+LṪL
LJa

,
and d represents the interference and modeling uncertainty.

The tracking error of the SMC is defined as em = αp− αs,
and the sliding surface is designed as

s = σ1em + σ2ėm + ëm (19)

where σ1 and σ2 meet the Hurwitz condition [27], that is,
σ1 > 0,σ2 > 0.
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FIGURE 8. Step unit responses of the two actuators when qd1 = 1◦, qd2 = 0: (a) linear displacement; (b) tracking error;
(c) and (d) control voltage.

The sliding mode control law is designed as

u =
1

b̃1
(σ1ėm + σ1ëm + λ1s+ λ2 sgn(s)

+ ã1α̈s + ã2α̇s + b̃1αp + f + α̈p − d) (20)

The Lyapunov function is defined as

V =
1
2
s2 (21)

and then, its first derivative is

V̇ = s(σ1ėm + σ1ëm +
...
αp −

...
α s)

= s(σ1ėm + σ1ëm +
...
αp + ã1α̈s + ã2α̇s

−̃b1u− f + d) (22)

Taking the sliding mode control law into the first derivative
of the Lyapunov function,

V̇ = −λ1 · s2 − λ2 · |s| + d · s (23)

As long as λ1 > 0 and λ2 > |d | > 0, V̇ ≤ 0 is feasible.
This could be guaranteed by when t →∞, em = 0.
One of the premises necessary for the whole system to be

stable is that the nominal model and PID controller system is
stable. Its parameters must be selected so that the closed-loop
poles are the s negative plane. To further reduce the chatter-
ing, the switch function sgn(s) is replaced by the saturation

function sat(s), and1 represents thickness of boundary layer
and is set to 0.2.

sat(s) =


1 s > 1
s
1
|s| ≤ 1

−1 s < 1

(24)

V. VERIFICATION
To evaluate the proposed control scheme, this paper uses a
mixed PID controller composed of a PID controller and the
bang-bang control introduced by reference [3] as the contrast
method, and it is called the PID controller for simplification.
MATLAB/SIMULINK is used for the simulation, and the
step time is 0.003 seconds. In the case of satisfying the
parameter limitation conditions and the control requirements,
the parameters of SMC are set as follows: σ1 = 4 × 104

σ2 = 200, λ1 = 180, λ2 = 105, k1 = 1, and k2 = 1.

A. UNIT STEP RESPONSE AND DISTURBANCE
STEP RESPONSE
Because the control law schemes for the pitch and yaw direc-
tions are the same, this paper just simulates the unit step
response in the pitch channel. At the initial time, all the inputs,
including the pitch angle, the yaw angle and the disturbance
torque, are 0. Then, at 0.1 seconds, the pitch angle is given
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FIGURE 9. Position tracking response of TVC-EMA: (a) linear displacement of the actuator; (b) tracking error;
(c) and (d) control voltage; (e) swing angle of the nozzle; (f) movement of the nozzle.

a unit step signal. After the unit step response is stabilized,
at 0.4 seconds, a torque disturbance signal Td is provided to
the pitch channel. The response curves are shown in Fig. 9,
and the equation of the error is as follows:

errori = ydi − yni (i = 1, 2) (25)

The nozzle movement is a combination of pitch and yaw
motions. Although the yaw command input is 0, there is a
slight step in the actuator of the yaw channel. The results
show that there is no overshoot and that the steady-state error
is less than 0.2% under the two different control law schemes.
When using the PID control law and the proposed control

law based on SMC, settling times are 0.102 seconds and
0.082 seconds, respectively. The magnification in Fig. 8(a)
shows that the ability of this compound control law to resist
a load torque disturbance is much stronger than that of a
PID controller. The magnification of Fig. 8(b) shows that
this compound control law has a slight overshoot, but the
duration is very short, less than 0.04 seconds. Additionally,
the absolute value of the overshoot is small, so its effect is
negligible. Fig. 8(c) and Fig. 8(d) show that there is slight
chatter in the control voltage of this compound control law.
In the 0.4 seconds, the partial enlarged detail of Fig. 8(a)
shows that the proposed control scheme can suppress
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FIGURE 10. Position tracking response under parameter disturbances:
a) linear displacement of the actuator; b) tracking error.

interference torque well, but the PID controller cannot. When
Td is added and using the proposed control scheme, yn devi-
ates from the desired value but returns to the desired value
after 0.05 seconds, and the maximum error is less than
0.04 millimeters. Meanwhile, when using the PID controller,
the errors are greater, and they slowly decrease overmore than
20 seconds. The enlarged details of Fig. 8(c) and Fig. 8(d)
show that the chattering of the control voltage is less than 1 V.

B. POSITION TRACKING
The most important performance target of TVC-EMA is the
position command tracking. The input of the disturbance
torque is set to 0, and this value is maintained. The sine and
cosine command signals, that the amplitude is 4◦ and the
frequency is 1 Hz, respectively, are sent to the pitch channel
and yaw channel. The command signal of the yaw lags behind
that of the pitch channel by 0.25 seconds, that is, a quarter
cycle. The simulation results are presented in Fig. 9. Fig. 9(b)
shows that this compound control law produces a large error

at the initial time, but it decreases within 0.1 seconds and
thereafter remains below 0.1 mm. The tracking error of the
PID controller is greater than that of this compound control
law, with a maximum absolute value greater than 1.6 mm.
Fig. 9(c) and Fig. 9(d) show the control voltage curves of the
two channels. Fig. 10(e) shows the load movement following
a circular motion, and its magnification shows that the output
load track of the compound control law is closer to the
command track than for the PID controller. Taken together,
the position tracking performance of the compound control
law based on SMC is better than that of the PID controller,
and the chattering of the control voltage is slight.

C. ROBUSTNESS TO THE MODEL
PARAMETER UNCERTAINTY
To perform a robustness analysis on the proposed control
method, both Ba and Jn are set to a step of 30%, and
the command signals are the same as those in the position
tracking simulation. Fig. 10 shows that the position tracking
errors undergo changes only in the initial 0.1 seconds, and
thereafter, the errors are almost the same as those in the
situation before the parameter disturbances. However, the
position tracking errors of the PID controller have strikingly
changed, and the maximum values are greater than 0.1 mm.
Thus, we can determine that when there is modeling error
and parameter uncertainty, the robustness of this compound
control law based on SMC is better than that of the PID
controller.

VI. CONCLUSION
This paper introduces the TVC-EMA system in which one
nozzle is driven by two actuators, and a nominal model
for the TVC-EMA system based on resonance suppression
is obtained. A compound control law composed of a PID
controller and a sliding mode controller is proposed, and
the stability proof of this SMC is provided in the sense of
the Lyapunov method. It overcomes the shortcoming of poor
robustness of the pure PID controller, and the chatter of the
control signal produced by the SMC is slight. Simulations
based on MATLAB manifest that this compound control law
has a fast dynamic property and stronger robustness and better
position tracking performance than the PID controller.
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