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Description: An Excel add-in to produce an Excel spreadsheet that renders a fixed-
interval, fourth-order Runge Kutta method for solving initial value systems

for small to medium-size simulation studies.

Rationale: Excel spreadsheets are familiar to several PC users. Once rendered, the
spreadsheets will contain formulas which the user can later modify using
standard Excel commands or enhanced/advanced commands based on other
add-ins such as SOLVER to perform further analysis or parameter estimation.

Special Features:

1. Ability to easily attach scroll bars to chosen parameters and initial conditions.
This allows the user a quicker interface to perform simulation studies.

2. Ability to open and save model files ( the default file extensions are *.rk4).
These files are ordinary text files. Thus, they can be also be created and edited
using any text editor such as NOTEPAD or WORDPAD.

3. A simple interface for generating several time-plots or phase plane plots.

4. A simple interface to obtain parameter estimation of models based on
combining several data sets. The data sets can have different and non-uniform

sampling points.



Installing the RK4 Add-In:

1.

Nl

Save the file: rungekutta4_v3.xla in a directory which is relatively
permanent.

Open the Excel program and make sure at least one workbook is open.
Pull-down the [TOOLS] menu and select [ADD-INS...] submenu item. The
ADD-INS window should pop out .)

Click the [BROWSE...] button, then open the file: rungekutta4_v3.xla
Click the [OK] button. (This should activate the RK4 add-in and a command
bar should appear on the upper left corner as shown in Figure 1.)
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Figure 1. The RK4 Command Bar

Activating/Deactivating RK4:

1.

2.

3.

Pull-down the [TOOLS] menu and select [ADD-INS...] submenu item. ( The
ADD-INS window should pop out.)

Click on box next to the [Rungekuttad_v3] item. A check indicates
activation while removing the check will deactivate RK4.

Click on [OK] button. If RK4 is activated, the command bar shown in Figure 1
should appear.

Uninstalling the RK4 Add-In:

p—

First deactivate the RK4 add-in as discussed above.

Delete the file: rungekuttad_v3.xla (Alternatively, you could the move the
file to a different directory or rename it.)

Next, go to [TOOLS]—>[ADD-INS...] submenu. Try activating the RK4 add-in
by clicking on the checkbox.

A window should pop-out asking “Cannot find add-in... Delete from list ?”
Click on the [Yes] button.

Click [OK] on the ADD-INS window. RK4 should then be uninstalled. (To
reinstall, go to installing instructions given above. )



Removing the RK4 Toolbar (for MS Excel 2003):

1. Right-click on the [RK4]-toolbar option button (down-arrow on the right of
the button), and then select [Add or Remove Button]—>[Customize] menu.
(see Figure 1a).
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Figure 1a.

2. A new window should appear (see Figure 1b). Under the [Toolbars] — tab,
drag the scrollbar all the way down and select [RK4]. The check-mark will
not change, but the [Delete] button should become enabled. Click [Delete]
and click [OK] when prompted. Then click on [Close] to exit the Customize
window. (Note: if RK4 had not been uninstalled according to procedure above,
then the RK4 toolbar will not be permanently removed.)
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Figure 1b.



Tutorial:

( We recommend strictly following the example inputs in the tutorials including
the intentional errors. This way, one could observe the different responses of the
add-in program, and learn how to recover from and correct the errors.)

Variables and Parameters:
Before we begin with the applications, a few rules need to be clarified:

1) “State variables” are variables that are defined with derivatives.

2) “Other variables” are variables that are obtained from algebraic equations.
(Please avoid algebraic loops.)

3) Both “State variables” and “Other variables” need to be enclosed by square
brackets, e.g. [x], [T_cool], etc.

4) “Parameters” are numbers that will be varied per simulation to observe its effects
on the process. To distinguish “Parameters” from either “State variables” or
“Other variables”, do not enclose by square brackets.

5) The time variable will be given a special notation: [t]. So, do not use [t] as a
member of “State variable” or “Other variable”.

The examples below will illustrate implementations of these rules.

The following files are needed (available from the distribution files) for the following
tutorials:

Application 2: Application_2_code.rk4

Application 3: Application_3_code.rk4, iodata.dat

Application 4: Application_4_code.rk4, Circle.ics

Application 5: Application_5_code.rk4, casel.dat, case2.dat



Application I: Using RK4 interface to input model directly.

Recommended use: when the number of variables and parameters are relatively
small.

Example Scenario:

A controlled process described by

dt T
T0)=5.0

where
T, =1- % exp(—2t)

u=K. (Tset _T)
with parameters,

Tger =20
0< K, <10 (Nominal value:1.0)
1<7<5 (Nominal value: 3.0)

We want to simulate this process from ¢ = 0 to = 20 at fixed intervals
At =0.1 . In addition, we want to observe the behavior for initial
conditions of T ranging from O to 10.



Example Session:

1. Click on RK4 button in the command bar (see Figure 1.). A user interface
window as shown in Figure 2 should pop out.

RK4 Inputs |

Initialization |5tate \u'ariablesl Other\-‘ariablesl Patameters  CAbout/Help)

RK4 v3.0

WEA macros For Fixed-interval, 4kh Order
Runge kutta Simulation of Initial Yalue
Problems

Programmed by; Tomas Co

Hints; 13 IF model File { *.rka) exists, click [OPEN] to load
21 To edit selected items, double-click on vellow box
3} State and other variables need brackets, e.g. [x], parameters do not.
43 Use [&] Far time variable
53 You can use TAB key or ENTER key to shift the input Focus
&) If wou need to save model, click [SAYE] before clicking [OF]

Ok, SAVE OPEM

(£} 2001, 2005 by Tomss &0

Figure 2. RK4 Input Window.

2. Select the [Initialization] folder tab and enter the values for time interval and
final time. (Make sure that the [Regular] option is selected.)

RK4 Inputs x|

Initialization I State Variables | Other Yariables | Pararneters | (Bbaut/Help) |

Time Incremeant I 0.1 Final Tirme I 20

— APPLICATIONS

" PARAMETER ESTIMATION, {combined LS50 of several data sets)
{~ PHASE PLAME SIMULATION. (combined plats From different ICs)

% REGULAR. (simulation of single case study)

Figure 3. Time Setting Folder Tab.

3. Next, select the [State Variables] folder tab and input the information as
shown in Figure 4. (You can use the <ENTER> key or sometimes the
<TAB> key to move the focus to the next input prompts.)



RK4 Inputs x|

Initialization Skake Yariables I Other Yariables I Parameters I {AboutHelp) I

| =~

Stake Yariable I (7]

Initial Yalue I =0 [¥ attach Scrolls
Mlin I u Max 1.0

Derivative Equation
[ (CTin] - [T] pfeau + )

[ use brackets for variables, e.g. [x1] instead of 1, [t] Fortime ]

Add Accept Change | Delete |

Figure 4. STATE VARIABLES Folder Tab.

Note: put the extra left parenthesis as shown in Figure 4 as an intentional
error. Then click the [Add] button. A warning should pop out to warn of a
parenthesis mismatch error.

Warning X
] Parentheses mismatch:
# 4  C[Tin]-[T]HEau+u)

Figure 5. Parenthesis-Mismatch Warning Window.

Click [OK] to acknowledge the warning. Then manually remove the extra
rightmost parentheses.

Click on the [Add] button to accept the corrected inputs.

Note that T, needs to be enclosed with square brackets because it is a variable
rather than a parameter. The same should be true for u. However, we will
continue with this intentional error to see how the RK4 program will respond
to this situation.

Next, switch to the [Other Variables] tab folder and input the equations for
variables that are not state variables. Figure 6 shows the input for 7, .



RK4 Inputs x|

Iritialization I State Yariables ~ Other Wariables I Parameters I{.ﬁ.hnut,l'Help}I

| =

Yariable Mame I (Tin]

Equation : (" must be Function of sfafe varabies andfor tine |

| 1-(1jzyexpp(-2*t])

[ use brackets For watiables, e.g. [x1] instead of x1, [t] For tirne

Add Accept Chanoe | [elete |

Figure 6. OTHER VARIABLES Folder Tab.

The time variable is entered as [t]. Because RK4 is case-sensitive, this
will not be confused with [T] used for our state variable.

Note again another intentional error for the function exp which was
misspelled with an extra letter "p". We will see later how RK4 will
respond to this type of error.

Click the [Add] button and continue with entering the equation for u as
shown in Figure 7.

RK4 Inputs x|

Initialization | Skate Wariables ~ Cther Variables I Parameters ||:P.I:u:|ut,l'HeIp]||

| [Tin], Ean: 1-{1/2}*expp(-2*t]) =

Yariable Name I (]

Equation ; (" must fa funchian of sfafe wasahiar andior fima !

| Ke*(Tset-[T])

[ use brackets for wariables, &.g, [x1] instead of x1, [t] For tirme ]

add Accept Change | Delete |

Figure 7. Adding information for u.

Click the [Add] button to accept the entries.
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6. Next, select the [Parameters] tab and enter the information shown in Figures
8 to 10. (Note: The [Accept Change] button replaces the current variable,
while [Add] simply adds the current variable to the list.)

Initialization |State ‘ariables | Other Variables — Paramerers I(v':"bl:lut.l'HeIp)l
| e
Parameter Mame I Tset

Yalug I 20
[ Attach Scrolls

Figure 8. [Parameters] Folder Tab

Initialization | Skate Yariables | Other Yariables  Parameters I(.ﬁ.bnut,l'HeIp]ll
I Tsek, ‘Value: Z0 ﬂ
Parameter Name I ke

Yalus I 1o

i I o v &tkach Scrolls
MMax I 10

Add Accept Change | Delete |

Figure 9. Attaching Scroll Values to Parameter K.

The [Min] and [Max] input prompts will appear after checking the
[Attach Scrolls] option.

Initializakion | Stake Variables | Other Yariables  Parameters I{.ﬁ.bu:uut,l'HeIp]ll
I Ko, Malue: 1, Min:Q, Max: 10 j
Parameter Mame I tau

Yalue I 3

. I 1 [¥ Attach Scraolls
[ax I 5

Add Accept Change | Delete |

Figure 10. Attaching Scroll Values to Parameter 7.
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7. Once all the input information has been keyed in, click on the [OK] button on
the bottom of the RK4 Input Window.

8. Because we forgot to include the brackets for the variable u earlier, the
program is assuming that u was a parameter. An error window as shown in
Figure 11 should pop up on the right to list missing (undefined) and repeated
variables and parameters.

Help) I Missing Items:

I’

U

Repeated Items:

Figure 11. Error Windows.
9. To correct this error, go back and select the [State Variables] folder tab. In
the combo-list window (yellow window), select the entry for [T].

Double-click on the yellow window. The entries should show in the
appropriate input boxes.

Include square brackets around u, then click on the [Accept Change] button as
shown in Figure 12.

Detivakive Equation
| (CTinJ-LT] )k + [u]]

[ use brackets For wariables, e, [¢1] instead o

fdd Accepk Chanoge

Figure 12. Editing Derivative Equation.

10. Click on the OK button again.
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This time the error window should contain the location of function errors.
(RK4 will accept any functions of numeric arguments that the current Excel
session allows, including additional functions introduced by other add-ins.)

o) I Function Errors:

<[Tin] Eqn:=

Figure 13. Error Window Showing Location of Function Errors.

Edit the entry for [Tin] and correct the function "expp" by removing the

n_n

extra letter "p".

11. Click OK one more time. Since no RK4-predictable error is found, a "Last
Chance To Save" warning will pop out to allow the saving of the various
inputs into a text file for easier recovery in the future. ( The file is
recommended to have the extension *.rk4, but this is not necessary. )

The RK4 Input Window will disappear.
The simulation will then be processed by the program to yield an Excel

spreadsheet with the required inputs and formulas in the appropriate cells as
shown in Figure 14.
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PLOT g
Al - f
A B | ¢ | o | E | F [ & [ H [ 1 ]
1
| 2 | dt 0.1
| 3 | Fimal t: 20
| 4 |Parameters: Tset: 20
= Ke: 141 *Min 0/ Max: 10
| B | tau: 34 | *IMin: 1| Man: 5
| @ |Initial Values: [TI: 54 | »IMin: 0 Max: 10
| 8 |Derivatives: d[T)dt= [ [Tin] - [T] }tau + [u]
| 9 |Algebraic Egns: |[Tin]= 1-(12 exp-25tD
| 10 | [u]= Ke*(Tset-[T]
| 11|
| 12 |
113 dt Time | [T] [Tin] L] d11 | d21 | d31 | a4
| 14 | 0 8 0.5 15 1.35 12615686 1.26748 1.184024
| 15 | 0.1 0.1] 6265359 0.590635 13.73464 1.184307 1.106651 1.111828 1.038536
| 16 | 0.1 02| 7375326 066484 12624657 1.038784 0.970595 0.975141 0.910791
| 17 | 0.1 0.3] 8348835 0.725594 11.65117 0911009 0.851145 0855136 0.795648

Figure 14. Spreadsheet Rendered by RK4.

The RK4 command bar should also have changed. The RK4 button will
be replaced by a PLOT button.

The scrollbars can now be used to change parameter values and initial
values. The maximum and minimum values attached to the scroll bars can
be changed manually in the spreadsheet.

(Caution: we discourage direct editing of parameters or initial values that
are attached to scrollbars since this will disable the formula links to the
scrollbars. In case you did input a value directly, or have accidentally
done so, you could still recover the scrollbar formula manually. For
example, the formula for cell C5 is given by: “=F5 +D5 *( H5-F5)/50”
where the number 50 is fixed since the scrollbar was programmed to have
50 fixed incremental changes.)

One could check that the formulas for the cells in the solution block are
simply those translated from the model under the fourth-order Runge-
Kutta method.

12. Click on the PLOT button in the toolbar. A window should pop out (see
Figure 15). Select the variables in the x-axis and the y-axis. Turning on the
“Freeze Scales” checkbox will disable the automatic rescaling of the axes.
This is particularly useful when you want to observe how the plot changes
accordingly with the changes in the parameter and initial values, specially via
the scrollbars.
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E Microsoft F zcel - B_u

Click to start
plotting dialog

findow  Help

R am n m e e = -2kl @ anrlal -0 - B I U|EEE
Security,. | 2% B8 b | @& E
5]
fe Horizontal Axis =
B
1 I Time j PLOT |
| 2 | dt Vertical Axs :
L&) Final t:
| 4 |Parameters: Tset: [Tl j [ Freeze Scales | Multiple
L8] Ke: =~ Time  —
| B | tau: ) A
| 7 [Initial Values:  [T]: ifin] 10
| 8 |Derivatives: d[Tldt= ([Tin] = 0]
Figure 15. Plotting dialog
Notes:

1) The plots are generated by Excel statements and thus can be changed
by the usual procedures in Excel.

i1) One can keep clicking the PLOT button to create several plots.

iii) By changing the parameters values (specially through the scroll bars)
one can see how the different plots change accordingly.

iv) One can also move any of the plots to be a separate chart for printing
out individual charts.
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Application II. Using a text editor to create/edit RK4 model file.

Recommended use: when the number of variables and parameters are much
larger and thus easier to introduce using a text editor.

Example Scenario:

A PI-controlled second order process described by

ﬁ—x

d

dx 1
_2:—2(—22'n§x2—x1+u)
i,

H(©)=10 ; x(0)=0
P=X1

where,

1
u= Kc((Pset _xl)__eintJ
2

d e;
dltnt = Lset —X1
eint (0)=0
with parameters,
P, =20

0<K,.<20 (Nominal value:1)
0.2<7; <5 (Nominal value:5)
<7, <5 (Nominal value:1)
0<¢ <1 (Nominal value:0.5)

We want to simulate from =0 to =20 with Ar=0.1 .

16



Example Session:

1. Using a text editor, e.g. NOTEPAD (or MS WORD but later saving the file
as a text file ), input or copy-and-paste the lines shown in Figure 16 and save
the text file.

Second Order Process with PI Control

Time Settings

dt: 0.1
tfinal: 20

' State Variables

[x1], Initial Value: 1, Deriv: [x2], Min: 0., Max: 2
[x2], Initial Value: 0, Deriv: (l/taun”2)* (-2*zeta*taun*[x2]-[x1]+[u])
[P], Eqgn:[x1] ' output pressure is given by [x1]

PI controller

[ul, Egqn: kc*( (Pset—-[x1]) + [eint]/taui )

[e]l, Egn: Pset-[x1]

[eint], Initial Value: O, Deriv: Pset-[x1]
' Parameters

Pset, Value: 2.0

kc, Value: 1.0, Min: O, Max: 20

taui, Value: 5, Min: 0.2, Max: 5

taun, Value: 1.0, Min: 1, Max: 5.0

zeta, Value: 0.5, Min: 0O, Max: 1

Figure 16. Code for Input Model of 2™ Order System with PI Control.
A simple set of rules applies to coding of the model:
a) The characters following a single quote symbol (') in a single line are
treated as comments and will be ignored by RK4.
b) Blank spaces, blank lines and <TABS> will also be ignored. Use these to
make the file readable.

¢) The lines can be in any order.
d) For state variables, the syntax is given by:

stateVarName, Initial Value: initval, Deriv: derivEgn, Min: minval, Max: maxval

Example.’ [x1], Initial Value: 1, Deriv:[x2], Min:0, Max:2

17



A

"Initial Value:" and "Deriv:" are required key phrases. “Min:” and ‘“Max:”
are needed if scrolls are going to be attached to the state variable for
minimum or maximum range of initial values, otherwise you can leave
them out. The commas are also the required delimiters. If no scrolls are
needed, do not put a comma after the derivative equation.

The sequence within the line should also be strictly followed. Do not
break the line with a carriage return or line feed. (If NOTEPAD is used, it
is recommended to disable word-wrapping option.)
e) For other variables, the syntax is given by:
otherVarName, Eqn: algebraicEgn
Example: [u], Egn: kc*( (Pset—[x1]) + [eint]/taui )
"Eqn:" is a required keyword. The commas are the required delimiters.
The sequence within the line should also be strictly followed. As before,
do not break the line.
f) For parameters, the syntax is given by:
parameterName, Value: parameterValue

Example.‘ Pset, Value: 2.0

"Value:" is a required keyword. As before, commas are needed
delimiters and the lines should not be broken.

For parameters with attached scrolls, append the "Max:" and
"Min:" keywords.

parameterName, Value: parameterValue, Min: minValue, Max: maxValue

Example.‘ taun, Value: 1.0, Min: 1, Max: 5.0

Open the Excel spreadsheet with RK4 activated.
Click on the RK4 button in the command bar.
Click on the OPEN button in the RK4 Input Window.

Open the file containing the model code. An "APPEND or REPLACE"
window should appear as shown in Figure 17. Click YES to append or NO to
erase current contents and replace them with contents from the openned file.

18



Append or Replace il

Do wou wish ko APPEND current conkenks
with values from opened File:

D4 Excel Add-insirkd v3_0happlication_3_code.rkd 7

{ [Yes] means keep the presvious inputs )

Yes Mo | Cancel |

Figure 17. Choice Window for Appending or Replacing Contents.

6. Proceed as before in Application I, i.e. edit any existing errors and click OK to
proceed to spreadsheet rendering.
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Application III. Using Solver with RK4 Worksheets.

Recommended use: when optimizing parameters and initial conditions for
purposes of parameter estimation or other application such as controller
tuning.

Example Scenario:

Given the set of input-output data obtained at uniform sampling intervals
of 0.1 (data included as a text file, iodata.dat). whose plots are shown in
Figure 18. (Note that the output data contains noise.)

31 — [yl

—-[u]

Output ([y]) and Input ( [u])

'4 T T T T
0 20 40 60 80 100
Time

Figure 18. Data used for parameter estimation example.

Suppose we want to determine a third-order linear model that fits the data
based on the least-squared-error criteria, i.e. we want to determine the
parameters ao, a1, az, by, by and b; in the following linear dynamic model:

dxl

— =—dyXx; txp+ b2u
dt

dx

=2 _ —apxy +x3 +b1M
dt

dx

=3 - —agx) +bou
dt

y=x
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Example Session:

Use RK4 to obtain a spreadsheet based on initial guess on parameters and
initial conditions. For instance, open the code shown in Figure 19 with
RK4 to produce the spreadsheet shown in Figure 20.

Sampling interval and final time

T
dt: 0.1
tfinal: 100

State Equations

x11], Initial Value: 3, Deriv:—-a2* [x1]+[x2]+b2*[u]
x271, Initial Vvalue: 1, Deriv:—al*[x1]+[x3]4+bl*[u]
x3], Initial Vvalue: 1, Deriv:-a0* [x1]+b0* [u]

Input Variable

ul, Initial Value: 1, Deriv:0

output Variable

[
[
[
[
[

v1, Eqn: [x1]
Parameters

v

T

a2, Value: 1

al, Value: 1

ao, Value: 1

b2, Value: 1

bl, Value: 1

b0, Value: 1

Figure 19. RK4 code for parameter estimation example.

Note : We have introduced the input variable, [u], as a constant state
variable of value equal to 1. This is simply a trick to let RK4
implement formulas that will refer to cells in the [u] column. The
actual value of [u] will be replaced later by values from raw data.

21



After opening the file, the [Initialization] folder tab should show up.
Choose the [Parameter Estimation] option. You can then add the file
containing the data set using the [ADD/Browse...] button as shown in

Figure 20.

RK4 Inputs x|

Inikialization I State Yariables I Other Yariables I Parameters I {about/Help] I
Time Increment I 0.1 Final Time 100
— APPLICATIONS

¥ PARAMETER ESTIMATION, {combined LSG of several data sets)
™ PHASE PLAME SIMULATION, {combined ploks From different ICs)

™ REGULAR. {simulation of single case study)

Data Files: | DviExcel Add-insirks v3_Oliodata,dat j

00 Browse. ., I REMOWE |

Figure 20.
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Then click the [OK] button. You will then be prompted to either save the
model file or not. Afterwards, the [Select/Label Data Columns] window
will appear as shown in Figure 21.

Select/lLabel Data Columns [

DATA FILE: D:*rk4\iodata.dat

Time [wact]  [uact]
3.020453056

2886638142
2, 755654965 Spin Button

1
1
1
2,567396316 1
2, 380957971 1
2,445359774 1
2,26934156 1

L4
Numerical data starts at line number ;| 1 il

coocoooo
[m O [ N R O

Column VYariable

| [Column 1] j | Time j Match

Matches

| j Remove

Default Matching ‘

Figure 21. Column-Data matching interface.

(Note: The file containing the data should be a text file where the columns
are separated either by spaces or tabs.)

For our example, since the numerical data starts at line 2 (with the first
line containing labels of each column as given in the data file) click the
spin button up-arrow to change the value from 1 to 2. Next, obtain the
matches as shown in Figure 22 and then click the [OK] button.

Column Variable

I [Column 3] vl [u]

Matches

[Column 3] is [ul j Remove

[Column 1] is [Time]
[Column is [v]

Figure 22. The desired matching for the parameter estimation example.

The spreadsheet as shown in Figure 23 should now result.
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. [ B T T 7T O T EBE T F T G ] H AN IS N N - S A =
|2 | Data File: | D:A\Excel Add-insirkd +3_O\indata.dat dt 01
|3 Final 1: 100
|4 | RMS I 1.662808! Parameters az 1
|5 al: 1
|6 | all: 1
|7 | b2: 1
|8 | b1: 1
=N bi: 1
|10 Initial Values: [x1]: 3
|11 [x2]: 1
|12 [x3]: 1
|13 [ul: 1
|14 | Detivatives: dlx1]fdt= -a2*x1 ] Hx2]+b2"u]
|15 | d[x2]/dt= -a1* [l ]Hx3]+b1*u]
|15 | dx3)/dt= |-a0*[x1]+b0%u]
17| diuyet= 0
|18 Algebraic Egns: |[y]= [x1]

19

20 Data and Error Analysis Simulation Results
21 Time | [y B dul2 | (] L | du? dt Time | ] 2] [
|22 | 0| 3.020453 3| 0.00042 1 1 0 0 5 1 1
|23 | 0.1| 2.686635 2.899842 0.000174 1 1 0 0.1 0.1 2.8959842 0.5895171 0.505004
|24 | 0.2| 2.780685 2.798797 0.000102 1 1 0 0.1 0.2 2798797 0781397 0.620062
|25 | 0.3| 2.667897 2696155  0.01645 1 1 0 0.1 0.3 2696155 0.659817 0.445298
|26 | 0.4 2.380988 2.591381 0.044265 1 1 0 0.1 0.4 2591381 0.531643 0.260902
27 0.5 244536 2.484114  0.001502 1 1 0 0.1 0.5 2.484114 0.398158 0.127106

Figure 23. The resulting spreadsheet for the parameter estimation
example.

In the “Data and Error Analysis” block, “[y]” is from the raw data, “[y]*”
is a link to [y] in the “Simulated Results” block and “d[y]*2” is the
squared error between [y] and [y]*. This is similarly the case for “[u]”,
“[u]*” and “d[u]"2”.

As we had planned earlier, we want the [u] variable used in the simulation
to actually come from the data. To do so, we can copy the [u]-values in
the “Data and Error Analysis” block to the [u]-values in the “Simulation
Results” block, as shown in Figure 24. (Note: it is recommend to use the
[Paste Special]=>[Values] option.)

20 Data and Error An is

21 Time [v] T diy*2 (L] 3]

| 22 | 0] 3.020433 3 0.0004 1 1 1

|23 0.1] 2886633 2.899342 0.00017 1\ 0.805004 1 2§993
| 24 | 0.2| 2.788685| 2.798797| 0.0001 1| N0.620062 1| 28887
| 25 | 0.3| 2567897 2696155 0.016 1| {§p. 445208 1| 2 861
320 298] 1.905914 095485 0.9045 1 903979 1 0§54
321 299 1.863227 1.054817 06535 1 993494 1 1.0949
1322 30| 1.920865 1.1594227 05877 -1 933033 -1 11944
323 30.1] 1.382279 1.052103 0.1090 -1 07777 110021
324 30.2| 1.07646 0.947572 0.0166 -1//|#p.577694 1| 09471
1324 30.3) 0.749085 0.839957  0.0082 -1 388289 1 0.9395
326 30.4) 0804153 0.728773 0.05045 -1 0.209822 1 0287
327 305 027735 0613723 0.11314 -1 0.042664 1 137
328 06| 014163 0.494658 0.404891 y -0.11279 1 494

Figure 24. Copying of the u-column in the data block to the u-column in
the simulation block.
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We are now ready to minimize the root mean squared (RMS) error. The
RMS formula should already be contained in the cell next to the “RMS:”
label. Select this cell and then select the menu item: [Tools]—>[Solver]
and choose the “minimize” button while selecting to change the cells
shown enclosed by dotted lines in Figure 25. Click [Solve].

A |8 [e | b [ E | F | 6 | H [ [ 0 |
1
| 2 | Data File: | D:\Excel Add-inskd v3_0\odata. dat dt 0.1
| 3 | Final t: - 1_D_D_‘
EX RMS I 0.888612! Parameters: Az ' 1:
5] al: \ T
1 . 1} L}
R porameters = o —
| 8 Set Target Cell: b4 = Solve I b1: ! 1
9 Equal To: C Max Mo Walusof: IU Close | — - bl: - E 15
% By Changing Cells: Initial Yalues: {x;} ! ?:
¥2]: |

E |$J$4:$J$12| j‘_] GUess | [¥3]: I 1 E
|12 Subject ta the Canstraints: - Jul: 1
14 _ostions | fo e dlxl = a2t |42
KE 2 e | dp2lfet= -l [+[3]
| 1E ch dx3)/dt= |-a0%x1]+b07
17 e | Roset Al | duid= B
| 1€ =l Delete | Algebraic Egns: |[v]= [#1]

1€ bep |

P Sin

Figure 25. Using the SOLVER® Add-in to minimize RMS cell.

To see how well the model approximates the data, click on the [PLOT]
button in the toolbar. After the plotting interface window appears, select
to plot Time vs. [y] and also click on the “Include data points™ option as
shown in Figure 26. Then click on the [PLOT] button of the interface
window.

i
Horizontal Axis :
I Time j
Vertical Axis : ~ -
I [¥] j | %meze Scales I_Mu]hple
Figure 26.

You can also change the location of the plot. For instance, you can move
it to a separate chart sheet as shown in Figure 27.
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=

-4

Time

Figure 27. A plot of the simulation result together with raw data.

Using Excel routines, the data-series could also be adjusted in order to
zoom-in on the results as shown in Figure 28.

Time

Figure 28. Zoomed portion of Figure 27.



Application IV. Combining different plots in one chart.

Recommended use: when several cases are better compared by combining the
plots in one chart, e.g. phase plane portraits.

Example Scenario:
Given the system described by

dx1 n
— =da|X ainXx
dt 1141 1242

dX2 n
— =anX anrH X
dt 211 2242

Where,
allz—g, —2<a11<2
1
a2 =§
a1 =—4
a;n :_g

And the initial conditions are allowed to be within the following ranges:

~10< x,(0) <10
~10< x,(0) <10

Example Session:

Using WORDPAD or NOTEPAD, write (or cut-and-paste) the code
shown in Figure 29 to a “*.rk4” file.
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Time Settings

x1], Initial Value: -10, Deriv:all*[x1]+al2*([x2], Min: -10, Max: 10
x2], Initial Value: -10, Deriv:a2l*[x1]+a22*([x2], Min: -10, Max: 10

e T i T T

parameters
all, Value: -1.333, Min: -2, Max: 2
alz, Value: 0.333
az2l, Value: -1.333
az22, Value: -2.667

Figure 29. RK4 code for the phase plane example

Open this code with RK4. The [Initialization] folder tab window should
appear. This time choose the [Phase Plane Simulation] option, and some
more controls should appear as shown in Figure 30.

RK4 Inputs x|

Initizlization I Skate Yariables | Other Yariables I Pararmeters | {&bout/Help) |

Time Increment 0.0z Final Time I &

— APPLICATICONS

" PARAMETER ESTIMATION. {combined L5G of several data sets)

¥ PPHASE PLAME SIMULATION, {combined plats from different ICs)

™ REGULAR. {simulation of single case study)

Mo, of Cases:l 1 : I or File of ICs:I
Browse, .. |

QK. | SAVE | QOFPEN |

() 2008, 2005 by Tomas &0

Figure 30.

The “cases” here are meant to indicate different initial conditions. There
are two approaches available. The first approach is to choose the number
of cases of the phase plane portraits using the spin button. The other is to
use the initial conditions from an existing text file. For our example, we
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will first choose the spin button approach and click-on the up-arrow until
we get 4. Click on the [OK] button. The spreadsheet calculations will
commence.

Using the scroll bars, change the values of the initial conditions to
reproduce the values shown in Figure 31. (Note: that the worksheets in an
RK4 workbook will be renamed “main”, “Casel”, “Case2, etc. These
names are used by subroutines in the RK4 add-in so changing these
names can result in unpredicted errors.)

1 A | B [ ¢ | b | E | F [ 6 [ H ] |
2

| 3 |

_4 |Parameterall: 1.333 4 | M -2 Mlax: 2
| & | alz: 0.333

B | a2l -1.333

7 a2 -2 667

8 |Casel ICs|[x1]: Ao 4| v Min -0 Max: 10
9 [#2]: A0 4l v Min -10 Max: 10
10 |Cased 1Cs [x1]: —1Diu _F Min: 10 Max: 10
AN [#2]: 104 [ ¥|Min 100 has: 10
12 |Casel ICs|[x1]: 1040 ¥ Min: -0 Max: 10
13 [#2]: A0 4l ¥ Min: =10 Max: 10
14 |Cased |Cs/[x1]: 10:4‘ ﬁhﬂin: 10 Max: 10
& | [#2]: 10 4 Min: 10 Max: 10
16

28

28

30

31

32

M 4 » wmymain {Casel £ Casez [ Cases f Cases /

Figure 31. Spreadsheet after the values have been changed using the
scroll bars.

Next, click on the [PLOT] button in the toolbar to obtain the “Plotting
Interface” window. Check-on the [Mulitple] option. The [Plot] button
should have changed to [mPlot]. Also, other control objects should appear
as shown in Figure 32. Select [x1_Casel] and [x2_Casel] as the entries
in the “Horizontal Axis” and “Vertical Axis”, respectively. We can use
the [ADD] and [DELETE] buttons to manually choose among the variables
across different cases that we want to plot. However, as a shortcut for the
phase-plane plot, choose the [ADD ALL CASES] button.
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Plotting Interface x|

_ Horizontal Axis : Case MNo.:
| | [x1_Casel] j | 1 j mPLOT |
Vertical Axds :
I [x2_Casel] j [~ Freeze Scales |v Multiple
PLOTS : ADD ALL CASES | ADD | DELETE |
! =
I Arrows

Figure 32. Plotting interface for the phase plane example.

Since this will be a multiple plot, it is recommended to check-on the
[Legend] box. Next, click on the [mPlot] button. A plot showing the four
trajectories should now appear as shown in Figure 33.

Plot 1
15
10
5 1 — Casel
g : . 3 . : —(Zase?
15 0/ s 5 10 15 Sl
-5 4 Cased
=10 4
=15
[x1]

Figure 33. A multiple plot of the phase plane with [Legend] selected.

Usually, we may want a companion plot that shows the arrows of the
trajectories. To do so, proceed as before except that you check-on the
[Arrows] box instead. (Note: the [Arrows] and [Legend] options are
mutually exclusive choices.) The plot with arrows should now appear as
shown in Figure 34.
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[x2]

10 15

Figure 34. A multiple plot of the phase plane with [Arrows] selected.

To explore how the phase portrait changes according to changes in the
value of parameter a;;, move the scroll bar attached to this parameter. One
should be able to observe how the phase portrait changes from an
improper node to a stable node and then to a saddle. Of course, the initial
conditions may need to be moved around to improve the image. For
instance, the various scroll bars can be adjusted to show the saddle given

in Figure 35.

[x2]

Flot 2

20
15

10
&

10 -
15 -

a7
=Ll

[x1]

Figure 35. By varying initial conditions and parameter, changes in the

phase plane can be observed.

31



To continue our example, let us suppose that we want the initial conditions
to be a set of uniformly separated points at a circle centered around the
origin.

First, open a new workbook. (Note: It is recommended that additional
calculations be done on a new workbook rather than a new worksheet)
An example spreadsheet is shown in Figure 36.

A | B | ¢ | D | E | F |
1
2 radius 1
3 pi 314159
4
5 theta X
B 1 a 1 d
7 2 0.314158) 0.951057 0.309016742
5] 3 0.625318| 0.809017 0587784523
9 4 0.942477| 0.587786 0.809016526
10 5 1.256635| 0.309018 0.951056183
11 B 1.570795| 1.33E-08 1
12 7 1.884954) -0.30902 0895105 =5C52*SINB16)
13 8 2.199143) -0.58778 0.80301
14 9 2.51%/\ -0.80302 0.58778
15 10 282 \-_D_ELEHIIE 0.3090
16 =FCHIN07(A13-1) -1 2 B5359E-06
17 reoEoTrssp e |06 -0.309014213
18 13 3.769303) -0.80902 -0.587 782575
19 14| 4.084067) -0.5587 =5C$2*COS(B2I)
20 15| 4.393226] -0.30910
21 16| 4.712385 -4E-05 -1
22 17| 5.026544] 0.3030 951057823
23 18| 5.340703) 0.58747 2 -0.809019545
24 19| 5.654862| 0.805014 -0.587783117
25 20| 5.969021| 0.951055 -0.3090217851
BT=

Figure 36. Calculations of the initial conditions at a circle centered at the

origin.
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Copy the block that as shaded in Figure 36 and paste to a WORDPAD or
NOTEPAD using [Paste Special...] > [Unformatted Text] as shown in

Figure 37.

File Edit Wigw

Insert Formak Help

Dl |H| S a8 i [5|@[w]

1 a

0951006555  0.309016742
0.809017306  0.557754523
0.587785656  0.B09016526
0.309015004  0.951056185
1.32679E-06 1
030901548 0.951057008]
-0.85778375  0.809018086
-0.809015747  0.58778657
-0.9510585778  0.309015266
-1 2.653559E-06
-0.951057418 0309014218
-0.6809018866  -0.587782676
-0.557788043  -0.809014967
-0.309020628  -0.951055365
-3.90038E-06 -1
0.309012956 0951057825
05587781603  -0.809019645
0809014187 0587739117
0951064555  -0.3090217589

Figure 37. A WORDPAD file containing the resulting calculations of the
initial conditions.

It is recommended to save the text file with the extension of “*.ics”. For
our example, suppose we had saved the file as “Circle.ics”.

Next open another new workbook. When we left the other workbook, the
toolbar still says “PLOT”. When the worksheets are named “Sheet1”, etc.,
clicking on the “PLOT” button will toggle it back to the “RK4” button as
shown in Figure 38.
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@ Secrity... | 2 4

o4k M)y Sheetl { Shest? § Shestd [/
Drawe~ Lp | Autoshapes= s W (1O 24 4

Figure 38.

Follow the same procedure as before, except that we can use the approach
of loading the initial conditions from the IC file as shown in Figure 39.

RE4 Inputs x|
Initialization I State Yariables | Other Yariables | Parameters | {About/Help) |
Time Increment 0.02 Final Time: I &
— APPLICATIONS

" PARAMETER ESTIMATION, (combined LSQ of several data sets)
{* PHASE PLAME SIMULATION, (combined plots from different ICs)

" REGULAR, (simulation of single case study’

Mo, of Cases:l - ﬁ ot File of ICs:I DnhExcel Add-insirkd w3_0WCircle.ics

Braowse. ..

Ok | SAVE | OPEM |

h Aaa¢ aa0s b T

Figure 39.

After clicking [OK], the spreadsheet should show the 20 pairs of initial
conditions for each case. After choosing to [mPlot] all the different cases,
the plot will show up at the bottom of the 20" case. This mean we need to
scroll the spreadsheet down to see the plot. We can resize the plot as
shown in Figure 40.
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[x1]

(2]

Case2D IC

[x1]

(2]

[x2]
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Figure 40.



Application V. Parameter estimation from combining
different data.

Recommended use: Laboratory data sets obtained with non-uniform sampling
time instants.

Example Scenario:

Using data from two different data sets (casel.dat and case2.dat), we want
to fit the following model:

dx
_tl =—(ky +ky)x; +kpx, +kax,

dx
7; =k X, = (kyy + k) x, +koyx,

X3 :1_(x1 +x2)
Example Session:

Using WORDPAD or NOTEPAD, write (or cut-and-paste) the code
shown in Figure 41.

Sampling interval and final time

dt: 0.02
tfinal: 5

Differential Equations

[x1], Initial Value: 1, Deriv: —(k21+k31)*[x1]+kl12*[x2]+k13*[x3]
[x2], Initial Value: 0, Deriv: k21*[x1]-(k12+k32)*[x2]+k23*[x3]

Algebraic Equations

[x3], Egn: 1-[x1]-[x2]

' Parameters

v

Al
k21, Value: 1
k31, Value: 1
k12, Value: 1
k32, Value: 1
k13, Value: 1
k23, Value: 1

Figure 41.
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Opening the code, go to the [Initialization] folder tab. Choose the
[Parameter Estimation] selection and using [ADD/Browse...| button,
choose to load the two data files as shown in Figure 42. Click [OK].

RE4 Inputs x|

Initializakion I State Yariables I Other Yariables I Parameters | {About/Help) I

Time Increment 0.02 Final Time I =

— APPLICATIONS

{* PARAMETER ESTIMATION, (combined LSQ of several data sets)
" PHASE PLAME SIMULATION, (combined plots from different ICs)

" REGULAR. (simulation of single case study’

Data Files: | DiExcel Add-insirks v3_Ohcase2.dat j

| CutExcel Add-insirkd +3 Olcasel.dat
e el Add- ak

oK | SAYE | CPEN |

Figure 42.

Choose to save model file or not. The next window will be to match the
columns to the variables. From Figure 43, since the data given in
Casel.dat has the same sequence of variables keyed in from the model, we
could use the short-cut [Default Matching] button.

Select/l abel Data Columns E|

DATA FILE: D:rk4" casel.dat

time %1 *2

a 0.09 0.16
o1z 0.24 0,28
017 0,27 0,34
0.25 0.29 0.37
0.4 031 0,44
a.51 0.3 0.47
0.8 0,293 049

Mumerical data starts at line number ;| 2 il

Column Variable

| [Column 1] j | Time j Match

Matches
| j Remove
< ge;ault Matching %;
\—/
v
Figure 43.

Then click [OK]. Another short-cut option “Auto-Match” will appear.
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This will only show up after the first data set. Choosing [Yes] would mean
that all the data-sets have the same column matches. Choosing [No]
would show another matching window similar to that shown in Figure 43
above.

Auto-Match =

You have multiple cases.
Do wou want to apply the previous data match
ko the rest of the cases ¢

Yes Mo

Figure 44.

Choose [Yes]. The spreadsheets should now result. The [main] worksheet
contains the parameters and initial conditions. It also includes the cell for
the RMS calculation which involves the squared errors in both
spreadsheets named Casel and Case2.

Next, select from menu, the item: [Tools]=> [Solver]. Choose the
“minimize” option and then select to change the cells shown enclosed as
dotted lines in Figure 45. Then click [Solve].

PLOTH
c4 - A =SORT(AVERAGE(CaselI5D$18: 0526 Casel 155515 5625, Case2 1051 5:50528 Case?
A [ B e | o | E | F [ & [ H | " [ J |
1
| 2 |
3
T x
]
5 | K31: E 1 ot Target cell e [ Soke |
| 6 | e ! N et FMn O : o
7 K3z o 1| et foHax ke e ele oft Cose |
? K13 ! 1 E By Changing Cells:
— )
g k23: : 10| Jscegcas 53| Guess |
10 |Casel ICs [x1]: | 1 ot 1ot .
T [}{2]_ t D: -Subject ko the Constraints: Options |
| - 1]
12 [Case2 ICs [x1]:. | 1} = add |
13 [x2]: ' o
T B Change
| 14 | _I Reset Al |
i j Delete I
| 16 | rvs . [0377eer] Hep |
17
18

Figure 45.
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Click on [Plot] and then modify the “Plotting Interface” window to match
the one shown in Figure 46 (select the [include data] option as well as use
the [ADD] button). Then click [OK] to obtain the time-plots shown in
Figure 47. We can also use the [Plot] toolbar to show a similar time-plot
for case 2 and the phase plane as shown in Figures 47 and 48,
respectively.

Plotting Interface |

Horizontal Axis : Case No.:

[ [Time_Case1] =y A mPLOT _ |

Vertical Axis : ¥ Include data poinis

| [#2_Casel] =| T Freeze Scales [v Multiple

PLOTS : ADD ALL CASES | ADD | DELETE |
[Time_Casel] ws. [#2 Casel] j

[Time_Casel] ws. [%1_Casel]

Figure 45.
Plot 1
06
0.5
0.4 —[x1_Casel]
o D'3 —[x2 Casel]
= EI.E -t & data:[x1_Casel]
EI.1 = data:;[x2 Caszel]
I:I T T T
a 2 4 3]
[Time]
Figure 46.

39



Plot 5

0.8
07
_ gg —[x1_CaseZ]
% 0.4 % —[x2_Case?]
E. 0.3 & datax1_Casel]
at 0.2 r—tr & x datax2_Casa?]
0.1
0+ . T
0 2 4 2
[Time]
Figure 47.
Plot 2|
IR]
0.7 +
0E - —_—Casel
5 gi 1 —CaseZ
= EI:3 ] & data:Casel
03 = data: Cage?
0.1 1
|:| T
[x1]
Figure 48.
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