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Dynamic Sensorless Detection of Linear
Electromagnetic UAV Launch

Guangjun Tan, Baoquan Kou, Member, IEEE, Hongxing Wu, and Liyi Li, Member, IEEE

Abstract—The technical solution of Unmanned Aerial Vehicle
(UAV) has the following features: good controllability; simple
thrust control; high precision; long operating life; low cost; strong
adaptability, repeatability, maneuverability, and imperceptibility.
So the UAV has widespread application prospects. The position
sensor of the mover of UAV linear electromagnetic ejection is the
key component of control system. It has a direct influence on per-
formance, structure, and reliability of the system. As the sensors
such as linear photoelectric encoder and magnetic encoder are not
able to meet the demand of high speed control, the paper develops
the research on the detection methods of the mover position. First,
the paper presents a detection method of mover position based
on sliding mode observer. Due to the flicker problem of sliding
mode observer, the paper then proposes a detection method based
on state observer, and the method can result in smooth detected
position of the mover. Finally, the simulated results of the ejection
verify the validity of the proposed method.

Index Terms—Ejection, permanent magnet linear synchronous
motor (PMLSM), sensorless, sliding mode observer (SMO), state
observer.

I. INTRODUCTION

OWADAYS, UAV plays a very important role in modern

wars, and it has more widespread application prospects
for civil use. High resolution linear scales are commonly em-
ployed to function as sensors to detect mover position in the
system of UAV Electromagnetic Ejection. However, the intro-
duction of position sensor may bring in some problems. As the
motion length of the ejection is 4 meters long, the installation
and maintenance of the position sensor are difficult, and the
existence of position sensor may deteriorate the reliability and
increase the complexity of the system operation. Besides, the
response speed of the linear scales in the market at present
cannot meet the demand of high speed detection of the system
operation. So it is of great significance to study the sensorless
detection technology of the mover position of the ejection.

For detection of the mover position of the ejection, the
sensorless detection technology must satisfy the following two
requirements: its algorithm is simple and is feasible in actual
application; it can implement accurate detection of the posi-
tion in real time, whether the ejection is under accelerating
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starting condition or high speed operation. There exist several
methods in current sensorless detection research. The most
popular methods include sliding mode observer (SMO) method
[1]-[5], model reference adaptive control (MRAC) [6], ex-
tended Kalman filter (EKF) method [7], [8], assumed rotary
coordinate method [9]-[11], high frequency signal injection
method, and artificial intelligence methods (fuzzy control and
neural networks control). However, MRAC, EKF, and artificial
intelligence methods need a large amount of calculation, and
these methods are not suitable for practical application. The
assumed rotary coordinate method is effective only if the mover
is running at a stable operating state, and may result in failures
at accelerating starting process. The high frequency signal
injection method is only suitable for salient PMSM.

Based on the requirements of sensorless detection for ejec-
tion, and the shortages of the aforementioned methods, the
paper selects the SMO method as one of the detection methods.
The SMO method is a relatively novel detection method, which
uses bang-bang control theory to achieve fast tracking perfor-
mance. The method has good robustness, and can response
to the mover speed immediately. However, as sliding mode
observer method, in essence, is discontinuous switch control,
which easily brings in system flicker, the paper designs another
method based on state observer in comparison with the SMO
method. Through simulation experiments, we can analyze and
judge the advantages of the two methods, and determine to
choose the final design solution. The experimental electromag-
netic launcher and its control system are shown in Figs. 1 and 2.

II. MATHEMATICAL MODEL OF
ELECTROMAGNETIC EJECTION

The motor employed in the Electromagnetic ejection is a
surface mounted permanent magnet linear synchronous motor
(PMLSM). The voltage equation of its stator windings in the
stationary a3 coordinate system is

di .
d—: = Ais + B(us — es) (1
where
is =|[ia Zg}T Us = [Uq ug]T
T ™ i TS s 1T
es=[eq €g] :wa[—smj cos =* |
R 1
-2 0 + 0
= L —_ |
= S| m=[5 4]

7 is the polar pitch of the mover, v is the linear speed of the
mover, and s is the linear displacement of the mover.
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Fig. 1. Experimental electromagnetic launcher.

Fig. 2. Inner structure of the control system for the electromagnetic launcher.

III. DESIGN OF THE SMO METHOD
A. Model of the SMO

According to the state equations of the motor, under the
premise that the stator terminal voltage and the stator armature
current can be obtained, respectively by voltage and current
sensors, the SMO model constructed to estimate the stator EMF
can be expressed by the following equations:

d"“s = Aig + B(us — heg — z)
z=k-sgn(is — is) 2
des — —woey +woz

where, z; and e are respectively the observed stator armature
current and the observed stator EMF. £ is the observer gain, h is
the feedback gain (h > —1), and wy is the cutoff frequency of
the first-order low-pass filter. The structure of the SMO method
is shown in Fig. 3.
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Fig. 3. Sliding mode observer of the stator EMF.

B. Stability Analysis of the SMO

First we should demonstrate the stability of the SMO method.
If we define the observed error of stator armature current
as i = i3 — g, then the dynamic equation about the current
observed error 74 can be derived from (1) and (2) as follows:
dis ~
Ps _ Ai, + Ble

o s — hes — 2). 3)

If we deﬁne the sliding mode surface of the observer is S =
is =5 —is =0, and select the function V = (1/2)87'S as
the Lyapunov function of the observer, which is positive other
than equal to zero at origin. The condition for the observer to
achieve global asymptotic stability is

av ds
_ ST
dt dt
Substituting (3) into (4), and ignoring the impact of the

stator armature resistance, equation (4) can be expressed at a3
coordinate system as follows:

T [t

< 0. 4)

—hé\;—ksgni;)—l—fg(eg—hé}—ksgn{g)}
—% (5 +57) <0 ©

In order to calculate the value of the observer gain k, we need
to work out the relationship among all the electrical quantities
first of all. As the linear speed of the mover is v, we can assume
that the low-frequency component of the z signal is

ot

Zeq = 4 COS — (6)

In order to facilitate the analysis, here the phase angle of
Zeq 1s assumed as 0, which has no effect on the result of the
analysis. Through the LPF, z signal is turned into e;, and by
computation, €; is derived as

- woZ vt v . wut
es = 0—)2 (wocosL+ls1nL). (7)
T T

A+ (2 .

As the SMO method takes small-amplitude switching move-
ment along the sliding surface, 25 = 0 is held approximately
right, so the actual stator EMF e; is

es =hes+zq

hwoZ ot m), 7rv ot
=———75 | wWocos —+—sl +Z cos —
B+ () T '
hwoZ (h+1)w0+(”7)2 mvt  wv . ot

= 3 COS — +—sSsIn — | .
w%—l—(”) hwy T T T
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Fig. 4. Position and linear speed estimation schematic.

According to (1), it is learned that the amplitude of actual
stator EMF e, is m) v /T, so we can get that

(h+ Dwd + (22)?]”

v hwoZ —

T ()

th

Through (9), Z, the amplitude of z.4, is deduced as
s 2
W?ﬁfv [(JJ% + (?) }

2 v 2 2 .

hm\/ [“*”“:;t( = } ()’

In order to ensure the SMO can operate stably, the observer
gain k should satisfy

7 =

(10)

k > max(e, — heq, e3 — heg)
TP U [wg + (”?”)2]
= . (1D
2 v\ 2 2 Thwov 2
ry et 1+ ()] (i

T

C. Displacement Compensation for the SMO

Due to the low-pass filter is set at the end of the sliding
mode observer, the observed EMF will certainly lags behind the
actual EMEF, so a position compensation algorithm is needed to
compensate for the displacement lag As(v), which is caused by
the sliding mode observer. From (7) and (8), we can obtain both
the phase angles of e and €;. The displacement lag As(v) can
be expressed as the difference between the two phase angles,
and then to be multiplied by the coefficient 7 /7

h
As(v) = T { arctan —— — arctan oY 3
" o (h+ 1+ ()] 7
T T
= —arctan ———. 12
7 oretat (h+ Dwot (12)

To obtain the information of the mover position, it is com-
monly adopted to do trigonometric function (atan2(-,-)) com-
putation with the observed EMF, and the predicted position s,
can be calculated as

- T —
S, = —atan2(—e,, €3). (13)
7r
Then, adding the displacement lag As(v) to the predicted posi-
tion S, the final estimated position s is derived. The estimated

linear speed v can be obtained by difference computing of s.
The implementation schematic is shown in Fig. 4.
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Fig. 5. State observer of the stator EMF.

IV. DESIGN OF THE STATE OBSERVER METHOD
A. Shortages of the SMO Method

As the SMO method is apt to bring in flicker problem when
the mover is under high speed operation, an improved SMO
method is to displace the signum function (sgn(-)) by the
symmetric saturating linear transfer function (satlins(-)) [1],
[3] or the hyperbolic tangent sigmoid function (sigmoid(-))
[4], [5]. This improvement can eliminate the flicker problem
in observing position. However, if the current observed error
z{; is so small that it does not reach the saturation regions of the
satlins or sigmoid functions, this improved method cannot make
sure that the SMO method takes small-amplitude switching
movement along the sliding surface, so the premise 1; =0
is not held right. Therefore, (12) is not valid to calculate the
displacement lag As(v), which is due to the nonlinear property
of the satlins and the sigmoid functions.

B. Model of the State Observer

In order to solve the nonlinear problem of the improved
SMO method, a detection method based on state observer is
introduced here. The state observer is one kind of purely linear
observer, and all the signals used in the observer are sinusoidal
signals, so the displacement lag As(v) can be calculated ac-
curately. The state observer model constructed to estimate the
stator EMF can be expressed by the following equations:

d;;; :4'i~s+B(us — hes — z)
= = k(iy — is)

des __
dt

(14)

7&)023\; + wpz.

The structure of the state observer method is shown in Fig. 5.

From the state observer model, it is clearly seen that the
difference between the SMO method and the state observer
method is just the definition of z. In the SMO method, z signal
is defined as the signum function of iAS, while it is defined as the
linear function of zAS in the state observer method.

C. Displacement Compensation for the State Observer

The displacement lag in the state observer method is caused
not just by the LFP, but the current observer represented by the
first equation of (14). The total displacement lag is the sum of
these two lag.

According to (1) and (14), the dynamic equation about the
current observed error zAs can be expressed as

Bs _ A7 4 Bles — hes — 2).

dt (15)
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As z signal is continuous, we can assume that z signal is

ot
z =/ cos—.
T

(16)

Through the LPF, z signal is turned into e, and by compu-
tation, €, is derived as

_ wod Tt T

t
es=————> (wo cos — + —sin m) . (17)
w% + (%) T T T

As z = k(is — i5) = ki, the observed current error 2, can be
expressed as

~ z Z ot
ZS_E:ECOST (18)
Substituting (16)—(18) into (15), we have
TAv mot ZR mot n 1 7 ot
e — =———coS— + — |eg — Zcos —
kT T kL T L T
hwoZ t t
B (wo cos =8 4 ™ in m) (19)
G\ T
So the actual stator EMF e, is
R hwg t
€g = A 1 + E + % C ﬂ
wg + (%) T
h L t
T T sin TR L 20)
rleg+ @] kT

From (20) and (17), we can obtain both the phase angles of
e and é;. The displacement lag As(v) can be expressed as
the difference between the two phase angles, and then to be
multiplied by the coefficient 7 /7

Thwov _ 7wlLv
T w2+ fus?) 2 kT
As(v) = T arctan =% — arctan [a+(=)] 5
71' woT 1+ R + hwg
B eg(m)
T 77 (k + R+ wol)
= —arct . 21
7 arehan wor? [(h+ 1)k + R] — w2 Lv? @D

The implementation schematic is shown in Fig. 4., which is
the same as that of the SMO method.

V. SIMULATION EXPERIMENTS

The parameters of the ejection are shown in Table .

The ejection accelerates from zero speed to 25 m/s at the
maximum acceleration. The ejection is under speed open loop
control from zero speed to 1.2 m/s, and then under speed
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TABLE 1
SYSTEM PARAMETERS OF THE EJECTION
Symbol Item Value
m mass of the mover 30kg
M mass of additional matter 50kg
s switching frequency 8kHz
T polar pitch 0.06m
Fuax maximum thrust 800N
kr thrust constant 22.40N/A
Vimax outlet velocity 25m/s
Ude DC input voltage 850V
R stator armature resistance 0.073Q
L stator armature inductance  0.499mH
ksyo SMO gain 1050
kstate state observer gain 20
h feedback gain 1
wo cut-off frequency of LPF 200rad/s
actual position
—observed position
0.1F 1
£
17}
0.05 8
0 0.02 0.03 0.04 0.05 0.06 0.07
t/s
(a)
actual position
observed position
0.1F 1
&
172
0.051 4
0 X X : X
0.24 0.242 0.244 0.246 0.248 0.25
t/s
(b)

Fig. 6. Curves of actual and observed position by SMO method (a) Acceler-
ating starting progress (b) High speed operation.

closed loop control, respectively, switching to SMO method
and state observer method. The simulation results are shown
in Figs. 6 and 7. In the figures, the blue curve represents the
actual position of the mover, and the red curve represents the
observed position of the mover.

From the figures above, it is clearly seen that, no matter
whether the mover is under starting progress or under high
speed operation, the flicker problem still exists in the position
observation by using the SMO method, which can be eliminated
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actual position
observed position
0.1F J
E
0.05 - 1
0 0.02 0.03 0.04 0.05 0.06 0.07
t/s
(a)
actual position
observed position
0.1} 1
£
172
0.05 J
0.24 0.242 0.244 ; 0.246 0.248 0.25
t/s
(b)
Fig. 7. Curves of actual and observed position by state observer method

(a) Accelerating starting progress (b) High speed operation.

by using the state observer method. The position compensation
algorithms are both adopted in the SMO and state observer
method, so the observed position can track well with the actual
position in these two methods. Based on the above analysis, it
is known that the state observer method is a better choice than
SMO method in observing the mover position of the ejection.

VI. CONCLUSION

The paper first designs the SMO method for ejection, and
proposes a displacement compensation algorithm to solve the
displacement lagging problem due to low-pass filter. As the
sliding mode observer method is apt to bring in flicker problem,
a pure linear state observer method is proposed in the paper,
and the displacement compensation algorithm for the method
is adopted as well. Through the results derived from simula-
tion experiments, it is easily found that, by comparison with
the SMO method, the state observer method can detect more
accurately the mover position of the electromagnetic ejection.
Furthermore, the state observer method can eliminate the flicker
problem, which exists in the SMO method. The executive cycle
of the state observer algorithm implementation is short, so it is
a better solution as a detection method to be applied in high
speed operation.
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