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Simulations of a closed loop control
systems for angular positioning
applied to CIWS

Abstract

In this report it covers the principles of design a control system to stabilize the angular
positioning of system withing specific performance criteria. MATLAB with the Simulink add
on was used for the for designing, simulation and analysis of the control systems. The
results are tuned to be within a 2 second settling time and within 5% overshoot. This criterion
sets the out the overall function of the control system. MATLAB is an industry standard for

simulating many areas of engineering. Thfimmys creates a more user-friendly
. . . M Abstract - results . .
environment by creating a graphical edito function blocks. This software

package is a powerful system for simulating dynamic systems.
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Introduction
A Control syst i i ing that controls or manages the behaviour pf

another device or system using loop controls [1]. This ranges from a thermostat regulating
the house boiler to control the temperature to industrial ¢ | systems which control
industrial machines/process. Control systems are all aro in everyday life. A control
system can be mechanical and electrical. Control systems are significant for improving
efficiency, safety and quality. Control systems keep yield high and defects low. Control
systems also keep systems in safe operating conditions i.e temperature which can be
missed due to human error. Control systems therefore are used across all manufacturing
sectors and are a part of everyday life.

There are 2 tyges of systems, Open loop and closed loop [2]. Closed loop systems use the
output to modZile control action in real time. This allows for the system to adapt to the
current condition of the process. Closed systems are often used in automated settings and
high precision scenarios. Open systems are based purely off the input and do not use the
output to modify the control action. Open systems are often less expensive and less
complex. In this report a Closed system was created due to the nature of the scenario.

Transfer functions [3] are mathematical models that describe the relationship between the
input and the output. The Performance metrics for the simulations were Settling time,
overshoot and stability. Settling time is duration for the system to reach and maintain a
steady state after an input. Overshoot is the targeted percentage allowable deviation from
the steady state. Stability is the ability of the system is maintaining the desired output by
correctly responding to the varying input. A system with stability will have predictable
responses and bounded outputs.

It is important to align the performance parameters with the system its being applied to as
this can set limiters to systems performance. It is not feasible to heat a house up by
10Degrees ¢ instantaneously due to capability of the boiler and the cost to the resident.
Therefore, the system needs to be realistically applied to the real world. Other factors such
as where the the temperature is being measured as this will affect the systems performance.




For the purposes of the system in this report it is applied to the CIWS (Close in weapon
system) turret aiming system. This is naval mounted weapon systems used for close targets
such as missiles, aircrafts and other small ships. The weapon system weighs 6120kg and
shoots 3000 rounds [4] a minute. The control system in this report is used to control the
aiming system. The real-world factors that should be accounted for in the control system is
the weight of the weapon system and the targets its aiming for and the torque put into the
ship.

The objective for this control system is to have a settling time of less than 2 seconds and an
overshoot of less than 5%. This requires tuning the system to be withing these parameters,
getting both within the specification.

Simulation Setup

The transter function of the CIWS turret is,

6(s) = ———[5]

as?+bs+c

Where a =3 b =6 c = 1 based of the writer’s student number plus 1.

Figure 1 - model of control system

The Control system begins with a step function which allows for immediate plotting of the
scalar input. Next is a subtract function used to subtract the inputs, this moves into thb PID
controller. This is how the system is tuned to get the performance parameter required. To do
this the Proportion, integral, derivative and filter coefficients are set. The transfer function of
the CIWS turret is next. This determines the relationship between the input and output




ultimately effecting the movement of the CIWS turret next. Finally, another subtract function.
The scopes are used to measure the response at different stages of the system to allow for
comparison.

PID Controller

To investigate a PID controller more closely, Pid controllers are one of the most commonly
used control mechanism for feedback control [6]. PID Stands for Proportional-
integral-derivative control which uses the 3 components to mitigate the error between
the set point and the actual system output. PID use the compensator formula shown
below.

[%al] Block Parameters: PID Centrelier Es
PID 1dof (mask) (link)

This block implements continuous- and discrete-time PID control algorithms and includes advanced features such as anti
windup, external reset, and signal tracking. You can tune the PID gains automatically using the Tune...' button (requires
Simulink Control Design).

Controller: PID Form: Parallel

Time domain: Discrete-time settings

© Continuous-time

Sample time (-1 for inherited): -1
) Discrete-time

* Compensator formula

1+ N‘

Main  Initialization  Saturation  Data Types  State Attributes
Cantroller parameters

Source: internal

Propartional (P): 1,68855182067699

Integral (I): 0.491894594447296 i [ Use I*Ts (optimal for codegen)

Derhvative (D): 0.639537066485177 i [ Use externally sourced derhative

Filter coefficient (N): 3.56223188516675 f se filtered

Automated tuning

Select tuning method: Transfer Function Based (PID Tuner App) Ture...

8 Enable zero-crossing detection

oK Cancel Help Apply
Figure 2 initial PID settings

Proportion [7] is directly proportional to the current error which reduces rise time and bring
the system to the set point quicker however it can lead to overshooting and instability.

Integral accumulates the error over time which eliminates the steady state error increasing
the systems accuracy to reaching the set point however it can lead to integral wind
up causing overshoot and sluggish response.

The derivative reacts to the rate of change error causing the system to be able to predict
future error to counter act rapid changes and reduce over shooting and dampens
oscillations/ It can lead to sensitivity to noise in the error signal which can amplify
high frequency disturbances.

Matlab has a built-in tool to tune the PID controller using algorithms allowing for easy use.




PID are simple to understand and implement and flexible due the ability to tune for speed,
accuracy or stability. PIDs are also effective on many types of systems.

PID controllers to be effect must be tuned, they are poar at controlling highly nonlinear
systems and can be susceptible to noise.

Theoretical calculations

Using the initial data gained from the PID simulation and using the student number a forward
path transfer function can be calculated Shown below

Figure 3 Maths 2 forward transfer function

Figure 4 Maths 1 forward transfer

Shown below removing the feedback loop the transfer function of the whole system can be
calculated as whole using

_ G

T 146H

TF

(5]

TF is the transfer function of the whole system and G is the forward path function calculated
previously. H is the transfer function of the feed back loop which in the case is 1.




Figure 5 maths 3 overall system function

Figure 6 maths 4 overall system function




Simulation parameters

The simulation parameters are the simulation is run for 10 seconds and is samples every
seconds. It the scope measures 4 points across the control system shown below. 1
after the step function. 2 after the subtract function. 3 after the PID controller and 4
after the function. These are highlighted on the diagram below [1]

o
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a5 + 63+ 1

Figure 7 scope viewpoints




Results

)Performance and Robustness

Tuned Block
Rise time 0.321 seconds 4 38 seconds
Settling time -C- 551 seconds [ 16.3 seconds
'Overshoot 11.96 % 1716 %
Peak 1.02 1.07
Gain margin InfdB @ Inf rad/s Inf dB @ Inf rad/s
Phase margin 80 deg @ 6.8 rad/s 69 deg @ 0.34 rad/s
Closed-loop stability :5'.:.11.21*: | Stable o

Figure 8 - performance data

Figure 9 Scope results
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Figure 10 untuned results

The figure abovd s the untuned results of the control system, As can be seenit is stable
system and with @@ tively slow response time. It has a settle time of 16.3 seconds so
therefore the PID needs to be tuned to cut this down to under 5 seconds. There is an
overshoot of 7.16% which is too great for the CIWS application. It also has 6 second times to
reach the set point.

Figure 11Tuned scope
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Figure 12Tuned results comparison

As shown above the tuned PID [7]causes the system to be more efficient at controlling the
system to the set point. To tune the PID the sliders at the top for Response time and
transient behaviour are adjusted to get the desired parameters. Adjusting the transient
behaviours refers to any behaviour that isn't constant. The settling time is now 0.551
seconds and only has an overshoot of 1.96%. By 6 seconds the system is at the set point
constantly. This causes the system to be more accurate

Controller Parameters

Tuned Block
P |29.1875 16886 P
I [13.8946 10.49189

|27 3662 1063954

[777.434 |3.5622

Figure 13 PID seftings




Above it the differences in the PID settings between tuned and untuned P, |, D, N.

Tuned Block

Performance and Robustness

Tuned Black

Figure 14 -simulation parameters

y e ST
Figure ' Py scope results

Using the calculations above and inputting these into the simulation created this graph. As
can be seen the control system fails which indicates an error in the calculations. Due to the
nature of these larger calculations human error could create issues. This mean that this data
cant be used in the simulation.




Discussion

The
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Figure 16 results

diagram above shows the untuned (Dotted) and tuned system response (Whole). The
untuned response has a slower reaction taking 5.5 seconds longer to reach the set point. In
the situation of the CIWS this would lead to the turret reaching the targeted point too late for
a successful firing. The targets this weapon system aim is moving, and the turret must keep
up. 5 seconds allows for a target an anti-ship missile (like trident) can travel almost 30km in
those 5 seconds. The machine requires quick response but also great accuracy due to the
small size of the target. Trident is 13.4m long and 2.11m wide [8]. This creates a small target
area which means the weapon system is required to be accurate with little overshoot and
little noise. The tuned simulation shows the settling time of 0.551 seconds and an overshoot
of 1.96% which is drastically better then the initial system. Furthering this the system needs
to be reliable and stable the system has a phase margin of 90 degrees [9]and a gain margin
of infinite. The phase margin is a measure how stable a closed loop control system is [10].
The gain margin is how much a system can gain before becoming unstable. This
demonstrates the stability of the system which is required as noise could cause the system
to fire around the target and miss. The minimal overshoot prevents the turret moving past
the target wasting time and energy. Without the tuning the system would not be suitable to
the CIWS scenario due to the slow response time and inaccurate settling time which would
cause the weapon systems to be a failure in combat.

When manually tuning the PID controller there are 2 settings to adjust, Response time
between slower and faster and transient behaviour from aggressive to robust. These both
are positive and negative effects on the system. Putting the response time faster decreases
the time to initially reach the set point but will create a large overshoot which takes time to be




corrected. Setting transient behaviour to aggressive allows for the amplitude to oscillate
above and below the set point.

Step Plot Reference tracking X

Step Plot: Reference tracking 2 M@ O

Amplitude
&

0 =-. 1‘u )',: 235
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Figure 17 - oscillating results

Whilst setting it to robust stops the amplitude from oscillating but only gradually corrects to
the set point. Both these variables need to be tuned together and carefully to get the
characteristics required in the system.

"
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Figure 18 Tuning settings

The final tune of the response and the transient [11]behaviour ended up a very robust
transient behaviour response and a marginally faster response time. This created the
efficient settle time and small overshoot achieved. Increasing the response time any more
negatively impacted the parameters significantly.




Conclusion

In another simulation the PID could be more tightly tuned to get the lowest possible
parameters. The maths completed for the forward transfer function was incorrect. Lhi
meant the simulation can’t be validated by the theoretical calculations. 8

In the report it was found that the simulation showed to successfully create as closed loop
control system to control the angular positioning of a CIWS turret. The data isn’t able to be
validated through theoretical calculations. Therefore, there is no validation to these results.
The results are entirely dependent on the accuracy of the simulation. Adding simulated noise
and other negative factors into the simulation and assessing how the system responds
would allow for more accurate simulation as talked about below.

Some variables the simulation wont account for is motor responses in the movement of the
turret and tracking processing time. These will both effect the overall system response. The
firing of the turret will introduce noise into the tracking the systems Jihich the system will
have to mitigate. This Means the ideal simulated response won't n{&zERarily be the most
practical in the real world. The simulation will simulate the ideal condition of the system
compared to the real system which won't be running in ideal conditions.
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