Automation – EIEN50 (and EIEF45)
Exam Wednesday March 17, 2021
You may bring the course book and the hardcopy of the chapter on HMI, but not the solutions
to problems nor your own solutions to simulation tasks, lecture slides, home works or other
personal notes. A calculator (memory cleared), TEFYMA, formula sheet from the Automatic
Control department and a dictionary are permitted. You may answer in Swedish or in English.
Grading: There are 30 points all together. The following grades will apply:
Grade 3: at least 15 points
Grade 4: at least 20 points
Grade 5: at least 25 points
Note that all answers should be complete and well motivated. Your line of thought should be
easy to follow and hand calculations should be provided for all mathematical problems.
Corrections will be completed not later than Thursday April 8, 2021.
As this is a remote exam (due to the Corona pandemic) there is an extra need that you provide
complete analytical/well formulated/well written solutions to all your answers. By taking this
exam you hereby confirm that you have read all the information and instructions regarding the
exam sent by email (also available at the home page of the course) by the IEA division, Dr Ulf
Jeppsson and you have agreed to follow all those instructions to the letter. If NOT, you should
stop the examination NOW and come back for the next exam opportunity on August 26, 2021.
Also note that this written exam may be complemented by an individual oral exam before a
final grade is issued to any student (as described in the emailed instructions).
Good Luck!

Problem 1 (6 points)
Three completely mixed tanks with constant volumes are connected according to Figure 1
(initially filled with pure water). The external inputs to the first tank are the flow rate (Q1) and
the concentration of a specific compound in that flow (Cin1). The external inputs to the second
tank are the flow rate (Q2) and a concentration of the same compound in that flow (Cin2). The
volumes of the tanks are V1, V2 and V3. V3 is twice as large as V1 and V2 is 10 times larger than
V1. The output flow from tank 3 simply exits the process (note: constant liquid volume in all
tanks at all times).

Figure 1: Tank system for problem 1.

a) Set up the differential equations for the concentrations in the three reactors called C1, C2
and C3 to represent the above process (define all variables you use). (1 p)
b) Transform the equations into state-space form and provide the A, B, C and D matrices
(assume you can measure three things: Cin1+ C1, C2 and C3). (1 p)
c) Draw in one diagram (concentration as a function of time) as detailed as you can and
also explain in words the behaviour of how the concentrations will change over time in
the three tanks, if all are initially filled with pure water (i.e. concentration = 0) and the
input concentration Cin1 at time 0 is set to 10 g/l and the input concentration Cin2 at time
0 is set to 5 g/l. Assume both the influent flow rates and concentrations to remain
constant from time = 0 and onwards. Use Q1 = 10 l/h, Q2 = 5 l/h, V1 = 1 l, V2 = 10 l, V3
= 2 l and discuss the details of the dynamic response. Clearly provide the steady state
concentrations in all three reactors and discuss the time constants in the system. (2 p)
d) When the system in c) has reached its steady state a pump is started which continuously
pumps a flow rate Qrec (= 10 l/h) from tank 3 back into tank 1 (of course that flow will
have the concentration C3). Neglect any time delays and observe that all volumes are
still fixed. Define the differential equations for the new system, describe the system’s
dynamic response and calculate its new steady state values. (2 p)
Solution
a) Using the variables defined in the task the mass balances give us the dynamic system,
i.e.
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b) The state space representation (A and B) can be directly identified from the above
equations and the C and D matrices are defined by the given available measurements
as:
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where x represents [C1 C2 C3]T and u represents [Cin1 Cin2]T
c) The initial concentrations in all three tanks are equal to 0. Tank 1 is a normal first-order
system with constant input and a time constant of V1/Q1 (= 0.1 h) and a steady state
value equal to Cin1 (= 10 g/l). Tank 2 has inputs from tank 1 and via Q2. A simple
calculation yields that the steady state value must be (Q1*Cin1+Q2*5)/(Q1+Q2) = 8.33 g/l
(based on the values given in the task). The same steady state concentration must also
hold for tank 3, since all the input to that tank comes from tank 2. The steady state values

can also be obtained by simply setting the derivatives in (a) equal to 0 and solving the
resulting equation system. The small size of tank 1 compared to tank 2 means that the
dynamic response of tank 2 will be almost as if tank 1 did not exist, i.e. a time constant
of V2/(Q1+Q2) = 0.67 h. In reality a little bit slower response due to tank 1. Tank 3 is
small compared to tank 2 and will therefore follow the dynamic behaviour of tank 2,
only slightly later in time. Tank 3 will be the last tank to reach steady state. Based on
this discussion it is now possible to plot the dynamic behaviour of the tanks fairly
accurately. A detailed plot of the simulated system is shown below.

d) The initial concentrations in the three tanks are equal to the steady states from c), i.e.
10, 8.33 and 8.33 g/l. Since all volumes are constant the start of the recirculation does
not affect the flow rate leaving the system from tank 3, this is still Q1 + Q2. We are
assuming no time delays so oscillations in the system seem unlikely. The system is still
linear. The new set of differential equations becomes:
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Setting all derivatives to zero and inserting the values from the task gives us an equation
system as:

ì100 + 10C3 - 20C1 = 0
ï
í2.5 + 2C1 - 2.5C2 = 0
ï12.5C -12.5C = 0
î
2
3
From the third equation we see that in steady state C2 is still equal to C3 (which we also
expected) and solving the system yield: C1 = 9.17, C2 = C3 = 8.33 g/l. So the recirculation
will only affect the steady state value of C1 and since we are starting from the previous
steady state the dynamics will be very limited. Apart from the change in C1 we could
also expect to see a small initial increase in C2 and C3 because of the increased flow rate
from tank 1, which initially has a concentration of 10 g/l. A rough estimate of the time
constant for the change in tank 1 would be V1/Qrec=0.1 h, since it is this new inflow to
tank 1 that is causing the system to change. Based on this discussion it is now possible
to plot the dynamic behaviour of the tanks fairly accurately. A detailed plot of the
simulated system is shown below (note the small scale of the y-axis).

Problem 2 (2 points)
A non-linear dynamic system is defined as

where z is the state variable, B is a scalar input of the system, a is a real constant model
parameter and y is the measurement vector.

a) Rewrite the above system using the state variable substitution x1= z and x2 =dz/dt. (1 p)
b) Linearize the system at the operating point x1 = 0, x2 = 0, u=B=0 and provide the complete
state-space representation (A, B, C, D matrices). (1 p)
Solution
a) The variable substitution means we can write the system as

b) According to the principles in the book (page 69) we take the derivative of the nonlinear f and g functions with regard to x1, x2 and u (=B) and insert the values of the
selected operating point so that

Problem 3 (1 point)
It is essential that raw material is delivered to a manufacturing process in time. Assume that the
delivery can be described as a Poisson process with the average delivery rate of 2 parts per hour
and that the delivery process is initiated two hours before the process work should start at the
beginning of the working day. What is then the probability that there are less than 3 parts
available at the beginning of the working day?
Solution
This is a traditional birth process. We define pk(t) as the probability that there are k jobs in the
system at time t. Here l = 2 per hour. The equation from the book, page 198, gives:
The probability that there are exactly 0 jobs in the system at time t = 2 is:
p0(3) = e-2·2 = e-4 ≈ 0.0183, i.e. about 1.83%.

The probability that there are exactly 1 job in the system at time t = 2 is:
p1(2) = (2·2)·e-2·2 = 4·e-4 ≈ 0.0733, i.e. about 7.33%.
The probability that there are exactly 2 jobs in the system at time t = 2 is:
p2(2) = (2·2)2/(2!)·e-2·2 = 16/2·e-4 ≈ 0.147, i.e. about 14.7%.
So the probability of there being less than 3 parts available at time t=2 is p0(2) + p1(2) + p2(2)
≈ 0.238, i.e. about 23.8%.
Problem 4 (3 points)
A simple manufacturing process consists of a machine, a quality control and an output buffer.
We examine the system in discrete time. Every time unit the machine delivers one job to the
quality station. The quality station will return a portion r of the jobs to the machine since this
portion has to be re-machined due to insufficient quality (r = [0...1]). The rest is sent to the
output buffer (infinite size, the item stays there forever). Do not consider how items reach the
machine from the input buffer, i.e. use only three states. Items returned to the machine from the
quality control have priority over new items.
a) Assuming the system is a Markov chain – formulate the probability transition matrix
and draw the state diagram. (1 p)
b) Is the system ergodic? Motivate for all possible values of r. (1 p)
c) We wish that a job should have arrived to the output buffer after exactly 4 steps with at
least 98% probability. Calculate the maximum value of r to make sure this is the case.
Assume that the job starts in the machine at time 0. (1 p)
Solution:
a) S1: item in machine S2: item in quality control
The P matrix is:

S3: item in output buffer
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b) We look at the eigenvalues for a detailed analysis and solve det(lI – P) = 0. This gives:
l3– l2 – lr + r = 0, i.e. a third-order equation. However, this is a Markov chain so we
know one eigenvalue is always equal to 1, which means we can write the equation as:
(l – 1)( l2 – r) = 0. The eigenvalues are: +1, +r0.5, –r0.5. So if r < 1 we have the
eigenvalues within the unit circle and the system is ergodic. If r = 1 we get one
eigenvalue in –1 and one more eigenvalue in +1. The –1 value could indicate a periodic
system but since we also have an extra eigenvalue in +1, this is not the case. It is clear

from the graph that if r = 1 the S1-S2 sub-system (periodic part) is completely separated
from S3 and the system cannot be ergodic.
c) Use p(k+1) = p(k)·P. p(0) = (1 0 0), p(1) = (0 1 0), p(2) = (r 0 1–r), p(3) = (0 r 1–
r), p(4) = (r2 0 1–r2). So we have the condition: 1–r2 >= 0.98, i.e. r2 < 0.02. The equation
system gives us two possible solutions: r = 0.1414 and r = –0.1414. The negative value
for r is obviously not a valid solution and we conclude: r < 0.1414 or approximately
smaller than 14%.
Problem 5 (4 points)
In industry, in the control of processes (≥ 2nd order), it is common to see PID-controller
settings where P and I –parts are adjusted but there is no D-action.
a) If it had been correctly adjusted together with the P and I-parts what would be the
result? Will it change the P and/or I settings and in that case: how? (2 p)
b) If the measurement of the process output is delayed, how will that affect the general
adjustment of the controller? Is there another possible standard structure that can be
used to improve the control in this case? Describe and explain your suggestion. (2 p)
Solution
a) The result would be a faster elimination of errors, attenuated oscillations and smaller
overshoot in the process output. The factors for the proportional and integral parts can
increase. Consequently, the controller can be more aggressive. This is possible since
oscillations in the process are attenuated by the derivative part.
b) To maintain the stability the controller will have to be very “weak”. Lower proportional
gain and slow integral action. A solution could be to use a Smith-predictor. This can be
described as a feedback link that contains a model of the process. Furthermore, the
feedback contains a delayed model feedback (same delay as the measurement) so that
the difference between the delayed measurement and the delayed model can be used as
a corrective term.
Problem 6 (2 points)
A production facility includes 3 machines. Two different product types are manufactured. The
required processing sequence and time in each machine for the two product types are:
P1:
P2:

M1(2), M2(1), M3(4)
M3(1), M2(4)

(Machine M1 is only used for P1.) P1 and P2 are subparts and should be produced in equal
quantities so next production cycle is not started until both are ready. Make a graphical solution
showing the production flow for one cycle. What is the shortest possible cycle time? (2 p)

Solution

It is an obvious advantage not to start P2 in M2 until M2 has been used by P1. The shortest time
will then be 7 time units. (Since this is the processing time for P1 without any conflicts there
can’t be a faster path.)

Problem 7 (3 points)
The products and the machines in the previous problem are handled by an industrial robot, R1,
according to the figure. P1-type and P2-type products are in IB1 and IB2 and should after
processing be in OB1 and OB2 respectively.

The robot is given commands by setting Boolean command-variables to true. When the robot
has finished the requested operation the robot program will set the command variable to false
(automatic reset) again and then acknowledge by setting RRDY to true. RRDY stays true until
a new command is given.
The commands for the robot are: GETIB1, GETIB2, PUTM1, PUTM2, PUTM3, GETM1,
GETM2, GETM3, PUTOB1, PUTOB2
The machines are automatically started when they get a product and will set the
acknowledgement variables M1RDY, M2RDY, M3RDY when the product is processed. These
acknowledgement variables are reset when the product is picked up.
There are always available products in the input buffers and the output buffers are never full.
When a pair of P1, P2 products is produced a new production should start. All machines are
empty at start. The time for the robot movement will not affect the scheduling from the previous
problem. Write the control program for the production cell as an SFC program. Follow the
optimal sequence from the previous problem.
Solution
During the exam the following instruction was added: Since a deadlock situation otherwise can
be created it should be assumed that the robot can hold two products at the same time. The GetGet-Put-Put situation should then be assumed to follow the Last In First Out (LIFO) principle.
Since the sequence is clear we don’t need any alternative or concurrent execution. Everything
is given by the graph in the previous problem.

Problem 8 (1 point)
An analogue 400 Hz sinusoidal measurement signal (constant frequency) is sampled with 2
kHz. However, when analysing the signal in the computer there seems to be another signal with
a frequency of 700 Hz in addition to the measurement signal. No anti-alias filter was installed.
Provide a general expression of all input frequencies above the Nyquist frequency that could
give rise to this ghost (alias) frequency.
Solution
Using the graph in Figure 10.3 in the book and the value from the task f0/fs = 7/20 = 0.35 gives
the answer. At each instant (except the first crossing, which represents that the sampled
frequency would have been a true frequency = 700 Hz) a horizontal line from fo/fs = 0.35
intersects the graph, that measurement frequency will give rise to the same alias frequency, i.e.
when f/fs = 0.65, 1.35, 1.65, 2.35, 2.65 etc. This means that the actual disturbance frequency
could be 1300, 2700, 3300, 4700, 5300 etc. Hz, all producing an alias frequency of 700 Hz. A
general expression can therefore be given as n*fs ± fo, where fo = 700 Hz, fs = 2000 Hz where n
is a positive integer value larger than 0.
Problem 9 (2 points)
a) Show that a second-order exponential low-pass filter (i.e. two exponential low-pass
filters in series with the same 𝛼 value) can be written as:
2
ŷ ( kh ) = 2α ⋅ ŷ (( k −1) h ) − α 2 ⋅ ŷ (( k − 2 ) h ) + (1− α ) ⋅ y ( kh )
where yˆ is the filter output, y is the measurement signal, h is the sampling time and k is
an index. (1 p)
b) A median filter is often used to remove outliers. Explain why this is so (for example
compare the median filter behaviour with a moving average filter) (0.5 p)
€
c) How long is the time constant for an on-line moving-average filter based on a time
window of 20 samples (sample time h)? (0.5 p)
Solution:
a) The individual equations for two filters with the same alfa value in series are:
⎧
⎪ ŷ1 ( kh ) = α ŷ1 (( k −1) h ) + (1− α ) y ( kh ) (1)
⎨
⎪ ŷ2 ( kh ) = ŷ2 (( k −1) h ) + (1− α ) ŷ1 ( kh ) (2)
⎩
where yˆ 1 is the output from the first filter, yˆ 2 is the output from the second filter, y is the
measurement signal, h is the sampling time and k is an index. Inserting (1) into (2) yields:
2

ŷ2 ( kh ) = α ŷ2 (( k −1) h ) + (1− α ) α ŷ1 (( k −1) h ) + (1− α ) y ( kh ) (3)
€ We can also write (2) at one integration
€ step earlier as:
ŷ2 (( k −1) h ) = α ŷ2 (( k − 2 ) h ) + (1− α ) ŷ1 (( k −1) h ) (4)

which can be rewritten as:
(1− α ) ŷ1 ((k −1) h) = ŷ2 ((k −1) h) − α ŷ2 ((k − 2) h) (5)
and insert the right-hand side of (5) into (3) which gives:
2

ŷ2 ( kh ) = α ŷ2 (( k −1) h ) + α ŷ2 (( k −1) h ) − α 2 ŷ2 (( k − 2 ) h ) + (1− α ) y ( kh ) (6)
and a final rewriting of (6) gives the equation in problem 11, where yˆ 2 is equal to the filter
output yˆ .
b) If for example an outlier in an otherwise slowly changing signal is only present for one
sample then a median filter based on three measurements will completely remove it, as
€
€

the median value will be one of the two other measurement values. A MA-filter will
reduce the effect of the outlier but it can never completely remove the effect as it is
included in the actual average calculation (unless the moving window is infinite). It
there are two outliers next to each other a median filter of length 3 is not enough, instead
a length of 5 is required, etc. Since the median filter is also an extremely simple filter it
is popular for this fairly difficult task.
c) The time constant is defined as when the filter output has reached about 63% of the final
output in response to a step change in the input. A MA-filter will change its output in
steps of 1/N where is the number of samples in its time window. Consequently, the time
constant will be about 13 samples (0.63*20) = 13*h.
Problem 10 (2 points)
a) When controlling industrial processes we often require that programs and communication
links should be deterministic. What do we mean by that? (1 p)
b) Digital filters and controllers are often implemented using a constant time-step (h). Give a
brief description of how this can be implemented using functions in a real time operating
system. (1 p)
Solution
a) Determinism in these cases usually could be interpreted so that we have a maximum
delay until the operation is executed or the data arrives. In many cases delays are
impossible to avoid but if they have an absolute maximum length they can be handled
and it is possible to implement time critical functions and algorithms.
b) Real time systems often have wait-functions of different types. To implement a fixed
time step a “wait until”-function could be used. This function has an argument in
elapsing time and if we in each time-step add the interval h to this elapsing time
reference we avoid accumulated time errors. In some systems it might be possible to
connect the code to a timer-driven interrupt. Then the hardware supports the execution
interval directly.

Problem 11 (4 points)
In the process used for the course lab the lifts can hold two objects at a time. The scenario is
that a number of blocks are stopped by block B3 while M1right is trying to move them to the
right on the conveyer (M1right is always set to true by another program). Your task is to load
lift2 with two objects when the signal LOAD2 is set to true by a superior system. When the
objects are in the lift you should respond by setting the signal LOAD2_ACK to true. When
LOAD2 returns to false you may set LOAD2_ACK to false again. If LIFT2UP is false you
should wait until it becomes true. If there are no objects at block 3 you should wait for a new
block to arrive. Your program is controlling B3, M4right and LOAD2_ACK. M4right should
only run when it is needed. The function of the devices corresponds to the real process.
• Block is up when B3 is false.
• The conveyer moves the objects faster to the right of block 3 to separate them.
• The photocells (Sx) give a false value when there is an object in front of them.

Draw a state graph and then write a ladder program that solves this task. At system startup an
INIT signal is available to initialize your automat.
Solution

