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Abstract

This paper proposes a controller that can exhibit the good performance in a servo system where step, ramp, and sinusoidal
commands are mixed. In particular, the servo system applied to the naval gun system, the laser weapon system, the electro-
optical tracking system installed on the ship must be able to follow the step and ramp commands necessary for target tracking
and the sinusoidal command for stabilization of the ship motion. However, in the servo systems developed so far, type I
and type II can control the steady-state error of step command and ramp command to zero, but a residual error occurred in
sinusoidal command. This paper proposes a new controller with zero steady-state error of sinusoidal command. Using the
Park’s Transformation concept used in the current of the AC motor, a PI controller was constructed by converting the sinusoidal
drive command into a synchronous frame. The control law was derived from the relationship between the stationary frame
controller and the synchronous frame controller. Furthermore, to detect the frequency required for conversion, frequency
detection block was proposed. Steady-state conditions were found in the control zone (fine zone) separated by the error size
and verified by simulation using an example plant.
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1 Introduction zero in the ramp input command. Observing the movement

of the target on the ship, it includes all waveforms of step,

This paper relates to the each servo system of the naval gun
system, the Laser Weapon system, and the EOTS (Electro-
Optical Tracking System) installed on a ship. Each servo
system in the above systems precisely tracks the position of
the target. The servo system of the equipment installed on
the ship must have servo characteristics that respond well to
step, ramp, and sinusoidal input commands. Over the past few
decades the position controller consisted of a Type II servo
system. Type I is that the steady-state error is zero in the step
input command, and Type II is that the steady-state error is
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ramp, and sinusoidal. Step command and ramp command
are generated by the movement of the target, and sinusoidal
command is generated by the ship motion. In particular, the
ship motion has a sinusoidal motion of less than 0.2-0.5 Hz
[1-4]. In the case of the Type II servo system that tracks the
position of such a target, the step and ramp commands can
be precisely tracked, but the sinusoidal command has many
errors. Otherwise, the laser weapon system being studied
recently requires a servo system that maintains the position
tracking error of the sinusoidal type ship motion to the level
of the ramp error in order to focus the energy on the moving
target. This paper is about a position control servo system that
responds well to driving commands, including step, ramp,
and sinusoidal.

In this paper, a new PI controller suitable for a servo
controller responding to sinusoidal driving commands is
developed using a concept taken from Park’s transforma-
tion used in an AC motor’s current controller. This controller
achieves the steady-state error of the sinusoidal to the steady-
state error level of the ramp.
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In this paper we convert the sinusoidal input command
frequency into the synchronous frame frequency used in
Park’s transformation. The controller is derived from using
the relationship between the stationary frame regulator and
the synchronous frame regulator studied in [5-7]. In order
to detect the frequency required for conversion, FDB (Fre-
quency Detection Block) was proposed.

In order to maintain the stability of the servo system, a
position controller was constructed in parallel to the existing
Type 1I servo controller by applying the proposed control
rule. To apply the control rule, the control zone was divided
into a fine zone and a coarse zone and the proposed controller
applied only to the fine zone. The proposed controller can
verify the results through simulation.

2 New servo controller design specialized
for AC input command

2.1 ACinput servo controller review using Park’s
transformation

For the past several decades, the position controller of the
servo system consists of multi-loop consisting of position
loop, speed loop inside it, and current loop inside it. If the
bandwidth of the current loop is much higher than that of
the speed loop, and the bandwidth of the speed loop is much
higher than that of the position loop, the transfer function of
the current loop can be set to unity. And the speed loop can
be described as a controller that can be included in the power
converter in Fig. 1.

In the servo control system of Fig. 1, if the control laws are
composed of PI and the control input is set to sinusoidal fre-
quency w;(w; = 27 (0.2 ~ 0.5 Hz), ship motion frequency),
it is unsatisfactory because it has a serious steady-state error.
If the input sinusoidal command frequency is known, the
concept of Park’s transformation can be applied [5-7]. Park’s
transformation converts AC sinusoidal input commands into
DC quantities of a rotating frame to construct a controller,
then the error can be made to zero. Park’s transformation is
given as Eq. (1):

Xd X cosf sind Xo
= Tuq = 10 cosd (1)

)Cq Xﬂ —SInG CoS Xﬁ
ECommand + Res onsei
: Control Power Plant ;p :
' _% laws converter !
g Feedback [« 5

Fig.1 Servo control system
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where x,, xg are the stator reference frame, and xq, xq are
the rotor reference frame. Tyq is a transformation matrix.
Equation (1) can be expressed by Eq. (2) using the complex
phasor representation of the vector.

Xdq = Xd + jXq = Xq cOs 6 + xg sin O
+ j(—xo $in6 + xp cos6)
= (xa + jxﬂ)(cosé‘ — jsin@)
= faﬂe_jg (2)

The inverse of Eq. (2) is the same as Eq. (3).
Xop = Xaq¢’?, 6 = ot (3)

By applying the concepts of Egs. (2) and (3), if the con-
troller in the synchronous frame is configured as Hpc(s)
and the controller converted into the stationary frame is con-
figured as Hac(s), the configuration as shown in Fig. 2 is
possible.

In Fig. 2, e4p represents the sinusoidal error with 6 = wt
component in the stator reference frame, when Ealg is a
positive number, multiplying eqg by 7 results in a DC com-
ponent Eaﬂej % corresponding to & = wt while changing to
the rotator reference frame, which is input to the PI controller
(Hpc(s)). In order to convert the output of the PI controller
(Hpc(s)) into the stator reference frame, i4p can be obtained
by multiplying the inverse conversion operator ¢ /¢, When
€qp is negative, it is calculated by the bottom path of Fig. 2.

When the transfer function is obtained, the following rela-
tion is established:

’/_ia,B (s) _ ’:iotﬁ+ (s) + ﬁaﬁ— (s) .
Eaﬁ (s) 205/3 (s) Eaﬁ (s)
Ko Ko,

:2Kp+

S+ jwo + @

2K1wes + 2K1a)g

S — jwo + wc

=2Kp+

52 +2wces + 02 + w? )

(¢]

Hpc(s)

Fig. 2 Organization of the synchronous reference frame controller
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point frequency of the integral controller.
If assume w. < w,, the Eq. (4) can be simplified into

Eq. (5) [7].

2K1 - wes

Hac(s) =2Kp+ ——F—5
ac(s) P ST 2wes + 2

&)

The transfer function of Eq. (5) has frequency response
characteristic, as shown in Fig. 3. Each parameter of the Bode
Diagram is Kp = 60, K1 = 3623, w, = 3.14rad/s, o, =
0.157 rad/s. w, is 0.5 Hz, which is the maximum frequency
of ship motion, and w, is 0.025 Hz, which is 5% of w,.

Figure 3 is the Bode Diagram of the stator reference frame
compensator performed using the transfer function Hac(s).
The frequency scale is logarithmic, and the vertical scale is
linear.

Angular velocity ranges from 1072 rad/s to 10° rad/s. The
size of the gain according to the angular velocity is 72[dB] at
wo = 3.14rad/s, other than that, it is 42[dB]. The gain is the
largest when the angular velocity we want (w, = 3.14 rad/s),
and this gain keeps the sinusoidal error of the angular velocity
(wo = 3.14rad/s) at zero.

Figure 4 shows a new servo controller specialized for
AC to which Hac(s) is applied. If Hac(s) achieves a rel-
atively high gain at the synchronous frequency, then due to
the performance of the controller, the steady-state error will
be nearly zero.

2.2 Control method of proposed servo controller
specialized for AC

In servo systems such as a ship-mounted gun system, the
laser weapon system, and the EOTS (Electro-Optical Track-
ing System), the appearance of the target is approximated by

Fig.5 Classification of proposed AC control zone (fine zone) according
to Position Error

a step position input, constant velocity flight is approximated
by aramp position input, and ship motion is approximated by
a sinusoidal position input. The ship motion can be expressed
as a sinusoidal of 0.2-0.5 Hz that changes every cycle [1-4].
As shown in Fig. 4, the proposed servo controller special-
ized for AC is a controller for compensating ship motion. It
consists of control law Eq. (5) and FDB (Frequency Detec-
tion Block). FDB performs Discrete Fourier Transformation
or Fast Fourier Transformation on servo system commands
and errors. The sinusoidal component that is ship motion is
extracted from the command. Then calculate the synchronous
frequency w, from the extracted sinusoidal. Also, the error
magnitude, sinusoidal and driving direction are determined
from the errors. This can be implemented in a digital signal
processor (DSP) or a field programmable gate array (FPGA).
The calculated frequency w,, satisfies Eq. (6), and as shown
in Fig. 5, after confirming that it is a fine zone in the control
zone according to the position error size (mrad), this control
law is applied only in the case of steady-state conditions.

Wo + W < WBW (6)

where o is arbitrarily selected at the level of 5% of w,, and
wpw is the bandwidth frequency of the conventional control
closed-loop in Fig. 10 Bode Diagram. w is the frequency
selectivity of the controller and may reflect the frequency
error calculated by the FDB. 5% is an arbitrarily selected
frequency error reflection rate. Equation (6) is a frequency
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limit to ensure the stability of the controller, which will be
explained in Sect. 3.2.

Figure 5 is a graph showing position error and control com-
mand (w; ). In order to distinguish the steady state according
to the position error, a fine zone with a small error is identi-
fied, and the proposed controller operates in this zone.

3 Configuration and stability of servo
controller

3.1 Configuration of servo controller

If the servo system is composed of a parallel combination
of the Type II servo controller used for the past several
decades and the proposed AC controller specialized for ac
input designed here, the proposed position controller of the
servo system can be configured as shown in Fig. 6. In the
servo control system in Fig. 1, when the control zone is the
fine zone, the transfer function of the power converter can be
set as a unity, and the plant is assumed to be a motor control
load. In Fig. 6, the conventional controller’s transfer func-
tion TC(s) is the same as Eq. (7), and it is a Type II servo
controller.

(bKF +bKD)S +pr

7
s2+ (a+bKp)s +bKp @

Tc(s) =

To select the values of each coefficient in Eq. (7), applying
the optimum coefficients of the transfer function correspond-
ing to the ITAE criterion-based ramp input to Eq. (7), then the
transfer function 7'(s) is the same as Eq. (8) [8]. By compar-
ing Eq. (8) with Eq. (7) with the coefficients, each parameter
(Kp, Kp, Kp) of the controller can be determined.

2

- ®)

52 +3.2wps + w2

32w,8 +w
T(s) =

‘We make the proposed AC controller’s integral gain Ky ac
large enough to essentially eliminate all steady-state errors.

Conventional controller

(wo, w¢)

Proposed AC controller

Fig.6 Block Diagram of the proposed position controller
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The larger the proportional gain Kp ., the faster the tran-
sient response, so adjust it until overshoot.

3.2 Stability of Servo controller

To measure the stability of the proposed AC controller and
the proposed position controller, we measure gain margin
and phase margin using open-loop Bode Diagram.

Looking at the open-loop Bode Diagram of the proposed
AC controller in Fig. 7, the gain margin is infinite, and the
phase margin is 42.8° at a frequency of 2 Hz (12.7 rad/s).
It can be seen that resonance occurs at 0.5 Hz (3.14 rad/s).
The gain parameters of the Bode Diagram are the same as in
the case of Fig. 3, after that the plant of all simulations is the
same as Eq. (9).

Figure 8 is an open-loop Bode Diagram of the proposed
position controller (conventional controller + proposed AC
controller) in Fig. 6, and the frequency of the AC controller
is 0.5 Hz (maximum frequency of ship motion). The gain
margin is infinite, and the phase plot shows a phase margin
of over 125° at 2.6 Hz, so the system is definitely stable. The
introduction of the proposed AC controller radically changes
the Bode Diagram at the resonant frequency, but it has little
effect on the crossover frequency of the conventional con-
troller parameters. Therefore, since the phase delay is less
than 180°, the proposed AC controller remains stable below
the crossover frequency.

Figure 9 compares the closed-loop Bode Diagram of the
conventional controller, which is a stable system, and the
open-loop Bode Diagram of the proposed position controller
(the conventional controller + the proposed AC controller). It
can be seen that the gain of the proposed position controller
forms the same gain as that of the conventional controller

Bode Diagram
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Fig.7 Open-loop Bode Diagram of the proposed AC controller
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Fig. 8 Open-loop Bode Diagram of the proposed controller (conven-
tional controller + proposed AC controller)
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Fig.9 Closed-loop Bode Diagram of the conventional controller, Open-
loop Bode Diagram of proposed position controller (conventional
controller with proposed AC controller)

from before the cut-off frequency of the closed-loop conven-
tional controller.

As aresult, if the w, of the proposed AC controller is not
larger than the bandwidth of the conventional controller and
is anearby value, and there is no gain reduction due to the gain
peaking, the system is maintained stably. If the frequency is
limited by w, to avoid the gain peaking, Eq. (4) holds. Here,
w. was selected as 5% of w,.

Figure 10 is a closed-loop Bode Diagram to check the
bandwidth and gain peaking of a conventional controller. The
band width frequency of the conventional controlleris 5.6 Hz
(35.4 rad/s), and gain peaking does not appear.
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g.10 Closed-loop Bode Diagram of the conventional controller

4 Simulation results

We analyzed the dynamic characteristics of the position con-
troller for step, ramp, and sinusoidal commands using the
computer simulation and confirmed the steady-state error and
the results are shown in Figs. 11, 12, 13 and 14.

In order to simulate this controller, the plant is assumed
to be Eq. (9), and the natural frequency of the servo system
is assumed to be Eq. (10).

Gols) b 5.23 ©)
S) = =
P s(s+a) s(s+65)
wy = +/bKp = 25rad/sec (10)
12 : ocnvaﬂm;nal mmml‘leronly b
ik N
08
Sosl
2
o
0.4
02
o 1 2 s« 5 & 1 8 s w

Time (seconds)

Fig. 11 Output response to step input of the proposed position controller
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Fig. 12 Position error to ramp input (10°/s) of the proposed position
controller
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Fig. 13 Position error to sinusoidal input (5°sin(3.14t)) of the conven-
tional controller and the proposed position controller

Figure 11 is the position output waveform for the step
input. There is about 10% overshoot and converges to the
steady-state after 0.5 s.

As it is a step command, the proposed AC controller does
not work; only the conventional controller works.

Figure 12 shows the position error for the ramp input
(10°/s), and the position error converges to a steady-state
condition with less than 0.01 mrad after 0.5 s. Only conven-
tional controller works.

Figure 13 is a position error waveform for sinusoidal input
5°sin (3.14t). The position error of the conventional con-
troller is 2.13 mrad and the position error of the proposed
position controller is less than 0.069 mrad, which both con-
trollers are controlled in the fine zone (3 mrad or less). And
the repetitive controller is 0.92 mrad, as shown in Table
1. Compared to each other, it can be seen that the steady-
state control accuracy of the proposed position controller is

@ Springer

improved 50 times that of the conventional controller and 13

times that of the repetitive controller.

Figure 14 is a position error waveform for sinusoidal input
30°sin (1.256t). It can be seen that the position error of
the proposed position controller is controlled to less than
0.065 mrad after 0.5 s.

Figure 15 shows the repetitive controller proposed in [9].

As shown in Fig. 15, the proposed repetitive controller is
formed by the following blocks:

e A generic delay “e~T1$/"”: The use of a periodic sig-
nal generator formed by generic delay makes possible
to compensate harmonics components in the family (nk,
k e Z),

e A complex gain “e/%”: When implementing a complex
gain inside of the periodic signal generator, it allows to
shift the frequency response of the controller. Thus, when
used along to the generic delay, it is possible to select a
harmonic m so that the controller compensates the family
(nk+m, keZ)[9]

A repetitive controller is a control algorithm that can track
a periodic reference signal and has been recently studied
[10-13].

Figure 16 shows that the position controller is configured
by applying the repetitive controller. Using this controller,
the position error for the sinusoidal position command was
simulated by a computer.

Table 1 shows positional errors by amplitude and fre-
quency of sinusoidal input of the conventional controller,
repetitive controller, and proposed position controller. The
unit of error is milliradian.

The proposed position controller shows the good per-
formance at the amplitude and frequency of all sinusoidal
compared to the repetitive controller. Conventional controller
shows that the position error increases significantly as the
amplitude and frequency increase.

5 Conclusion

In this paper, we propose a controller that can demonstrate
the good performance by controlling the steady-state error
for sinusoidal commands in a servo system in which step,
ramp, and sinusoidal commands are mixed.

In servo systems developed in Type I and Type II, residual
errors occur in sinusoidal commands. The proposed con-
troller is a new controller without steady-state errors of
sinusoidal commands.

The proposed controller transforms the sinusoidal com-
mand into a synchronous frame method based on Park’s
transformation theory. Through this, “the AC control law”
equivalent to PI control at DC input was completed.



A new position controller design compensating the ship motion ... 1453
Table 1 Position Error of
sinusoidal input of the 0.2 Hz 0.3 Hz 0.4 Hz 0.5Hz
convention controller and the
proposed controller 5° Conventional 0.39 0.79 1.39 2.13
Proposed 0.011 0.025 0.045 0.069
10° Conventional 0.71 1.59 2.79 4.25
Proposed 0.023 0.051 0.091 0.14
15° Conventional 1.07 2.36 4.17 6.39
Proposed 0.033 0.077 0.134 0.21
20° Conventional 1.43 3.19 5.57 8.52
Proposed 0.045 0.12 0.181 0.28
25° Conventional 1.79 3.99 6.95 10.5
Proposed 0.055 0.128 0.227 0.35
30° Conventional 2.13 4.79 8.32 12.7
Proposed 0.065 0.154 0.27 0.42
35° Conventional 2.51 5.59 9.76 14.9
Proposed 0.08 0.18 0.31 0.49
40° Conventional 2.87 6.39 11.1 17.0
Proposed 0.09 0.20 0.36 0.55
«107 ‘ Conventional Controller
12 conventional controller only |
proposed Position controller
10
R(s)
N
I
= |
g s
= |
S 4l
2 4
< ||
24| TN A~
I\ / \\ e \
0 ‘\ 7 7 */ I T Repetitive Controller
SN N\ - v
Fig. 16 Position controller with repetitive controller

Time (seconds)

Fig. 14 Position error to sinusoidal input (30°sin(1.256t)) of the con-
ventional controller and the proposed position controller

a(s)
R(s) " 1 J{ u(s)

¢ e U

Fig. 15 Repetitive controller proposed in [9]

The key to control lies in accurate frequency detection and
accurate steady-state determination in a frequency detection
block (FDB). In this paper, for frequency detection, the fre-
quencies of the command signal and the error signal were
detected by using the timer of a digital signal processor
(DSP), and the steady-state condition was performed in the

fine zone, a precision control section, by dividing the con-
trol zone according to the error size. Since the proposed AC
controller is added in parallel to the existing stable Type II
servo system, the proposed position controller has no major
problem with stability, and the stability condition has been
proven. We confirmed that the proposed controller has the
good performance compared to the repetitive controller.
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