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1 INTRODUCTION

At first, a bit of history. I want to speak about a special approach, a method, I developed in my PhD
thesis (1). In that time, about 20 years ago, we hadn't PC's, but only microcomputers with the well-
known Zilog Z80, an 8-bit microprocessor, and we considered  ourselves fortunate to have 64 kByte
RAM and 32 kByte EPROM. 

In my thesis I was concerned with selftuning control algorithms, a special kind of adaptive algorithms.
I recognized that it is advisable to simulate the behavior of the control circuit to get a stable behavior
at startup, the default values both for the controller and for the parameter estimation. So I needed a
quite simple tool for simulating the circuit on that low-performance microcomputer. I found it conve-
nient to simulate both the process and the controller with difference equations. I used a complete time
discrete representation of the control circuit. Of course I got the results this way very fast. By the way,
I developed a special analysis of a process step response to get the discrete process model directly,
without deriving of a transfer function. But this isn't our theme today.

Later I found that this method can be used quite easily with a spreadsheet program on PC. It was no
longer necessary to implement this algorithm in a program. (By the way, I implemented this algorithm
using different programming languages like assembler, Basic, Pascal, C, etc.)

Now I will show you this method with a special slant toward education in mechatronics. We will have
a look on the objectives and then I will introduce to you the model of a DC-motor as an example. We
will analyse a step response of the speed caused by a step in the motor voltage to get the parameters
for a PID-controller. Then we will discuss some effects of sampling period and of additional dead
time due to computing time and conversion of signals. At last I hope we will get some good conclusi-
ons. 
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2 SITUATION

Situation

well-known classical me-
thods

differential equations, 
Laplace transformation

quite different software
tools for PC

students have problems in
transforming system mo-
dels Unemployed Engineers in Qualification 

Here we have a picture of a qualification course for unemployed engineers at our university. They had
all completed studies in an engineering discipline, but in East Germany unfortunately we have a high
unemployment rate also for engineers. It is a chance for them to refresh their knowledge, but it is not
easy because we have many problems with motivation, with encouraging them to hunt for a new job,
new tasks or to change their working area to future technologies like mechatronics. This is our objecti-
ve. 

It is important to help them to understand such new methods like time discrete representation with dif-
ferential equations and Laplace transformation, but they have difficulties to understand what they do,
especially in the discrete time techniques. 

3 OBJECTIVE

I discovered, that the understanding can essentially be developed using spreadsheet PC-programs.
Here we have screenshots of some more or less known programs like StarOffice on Linux, Excel on
Windows-95, MS Works on Windows-XP and even a spreadsheet on my PDA, a Psion Revo+. (By
the way, I prefer Linux and StarOffice for various reasons.)

The advantage of using a spreadsheet program is, one can recalculate the spreadsheet by hand or with
a pocket calculator and can quickly understand the connections using difference equations, between
variables and constants, but also the limitations due to numerical problems. It is a surprising experi-
ence, that such a standard office program like a spreadsheet program is well fitted for the simulation
of a linear time discrete control system. 
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Objective
Understanding is es-
sentially developed
using spreadsheets
on PC or on PDA.

4 EXAMPLE DC-MOTOR

But now we will continue with an example: a DC-motor with a permanent magnetic field of the stator.
At first we analyse the electric circuit. 

Example DC-Motor
Electric circuit 
U t � U R t � U i t � U L t
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The voltage of the rotor coil is the sum of the voltage of rotor resistance and inductivity and the inner
voltage due to to the motor speed. We can express the voltages with the inner connections to current
and its derived value and speed in form of the angel velocity. 

Then we will have a look at the mechanical circuit. The driving torque is is equal to the sum of the
load torque and a torque caused by friction of the bearings. We only consider the viscose friction and
neglect the dry friction. The load torque is only the inertial torque of the rotated motor mass. 

After substituting the current in the electric circuit by the expression from the mechanical circuit we
get the resulting differential equation. The motor speed � (t) is a function of the motor voltage U(t). 

5 DIFFERENCE EQUATION

Now we can express these differential equation, second order, in a generalized form with the propor-
tional gain factor KS, the time constant T and the damping ratio D. It is easy to write down the transfer
function G(s). 

Difference Equation

Generalized Differential Equation
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Difference Equation
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z-Transformation
depends on D>1 
or D=1 or D<1

If D < 1
�

 = D/T

checking

z0 = e–D*T0/T b1 = K {1 – z0[cos ( �  T0) + 
�

 sin ( �  T0)/ � ]}

s-1 b2 = K z0 [z0 – cos ( �  T0) + 
�

 sin ( �  T0)/ � ]
�  = � (1-D²) / T s-1 a1 = – 2 z0 cos ( �  T0)

a2 = z0
2

K = (b
1
 + b

2
) / (1 + a

1
 + a

2
)

To do the z-transformation, we have to consider the damping ratio D. The form of the discrete transfer
function G(z) is the same, but there are three ways to calculate the parameters a1, a2, b1 and b2 from KS,
T and D for the three cases D>1, D=1 and D<1. In our example D is less than 1 and the rules for cal-
culating this case are included in the slide. 

Finally we get the difference equation by substituting the lag operator z with k plus the exponent of z
for a concrete sampling point k. 

6 VALUES 

After these formulae we now look at real values of our motor example (3). All input variables are on a
yellow background. We have the inertia J and the motor constant KT. This is in fact due to the perma-
nent magnetic field, the magnetic current � . Furthermore we have the resistance R, the inductivity L
and the friction constant MR1. The last value is presented again in other standardized dimension units. 

With this data, the factors KS, T and D are calculated. 
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For the next step, the calculation of the discrete parameters, we have to determine the sampling period
T0. So we get a1, a2, b1 and b2 with the aid of the variables � , �  and z0. 

Example of Values for a DC-Motor
J = 0,000750kg m²

0,350000V s
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0,070600N m/1000 Upm
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Now we have all we need for the difference equation. And what can we do with it? Of course we can
calculate a step response for a step input of 1 V of the motor and we get a diagram like the one shown.

7 COMPARISON 

Comparison with Scilab Results

/ /  Si mul at i on of  a DC- Mot or  el t - mot . sci
/ /  Def aul t s  of  J ,  Psi ,  Ra,  La und MR1;  Usage of  K,  T,  D and MR1s
MR1s=MR1* 60/ ( 2* %pi * 1000) ; / /  conver si on i n N m s
K=Psi / ( Psi ^ 2+MR1s* Ra) ;
T=1000* sqr t ( J* La/ ( Psi ^ 2+MR1s* Ra) ) ; / /  i n ms
D=( J* Ra+MR1s* La) / ( 2* sqr t ( J* La* ( Psi ^2+MR1s* Ra) ) ) ;
s=pol y( 0, ' s ' ) ; / /  Lapl ace- Oper at or
sl =sysl i n( ' c ' , ( K/ ( T^2* s^2+2* D* T* s+1) ) ) ; / /  Li near  Sys t em
i nst ant s=0: 0. 5: 50; / /  Ti me Axi s
y=csi m( ' st ep' , i nst ant s , s l ) ; / /  St ep Response
xbasc ( ) / /  c l ear  ol d Gr aph
xset ( " f ont  s i ze" , 24)
xt i t l e( " Si mul at i on  DC- Mot or " , " Ti me  [ ms ] " , " St ep Response  Speed" )
pl ot 2d( i nst ant s ' , y ' , 2) / /  pl ot  St ep Response
xgr i d( 32) / /  dr aw Gr i d
xs t r i ng( 10, 1, [ ' K=' +st r i ng( K) ; ' D=' +st r i ng( D) ; ' T=' +st r i ng( T) +' ms' ] )

J=0. 75e- 3; / /  kg m²
Psi =0. 35; / /  V s ( equal  t o KT)
Ra=0. 95; / /  Ohm
La=1. 9e- 3; / /  H
MR1=70. 6e- 3; / /  N m/ 1000 Upm
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I promised to present you a simple tool. So we will compare it with another software tool for model-
ling and simulating. I use Scilab, which is a MatLab/SimuLink-clone, but not so complex, from the
French institute INRIA. It is free for use in science and education. 

You can see the command window and the execution of two scripts, also shown in the slide. One
script contains the input parameters, the other script is the modelling and simulating program. If you
are familiar with MatLab you will find many similarities, and this is intended. Of course, the resulting
step response is exactly the same like from the spreadsheet. But I might say, that it is not easy to com-
pare the program script with the equations in a spreadsheet. Of course I must assume, that everyone
knows to handle spreadsheet programs, but I mean, this is generally necessary for an engineer. 

8 PID-CONTROLLER 

Before we get involved with the spreadsheet, I show you present a closed control loop with a PID-
controller (2). The controller parameters for the given control equation are calculated using the in-
flection point of the motor©s step response. It is a graphical method and uses a tangent in this inflection
point. Then we determine the effective dead time TU and the build up time TG. For a given sampling
period we get the proportional gain, the ratio T0 to TI, the integration constant, and the ratio TD, the de-
rivative constant, to T0. 

PID-Controller of TAKAHASHI
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In the graph we can see a reference step response for the whole closed control circuit. We can discuss
the graph and ask for the overshoot. Very often an overshoot is unacceptable in the mechanical engi-
neering. Imagine, this is a positioning control system for a tool in a machine. An overshoot end in a
calamity! But this is due to control parameters for an optimal control in the sense that the sum of the
squares of the control errors is minimized. Of course we should use another synthesis method for con-
troller design for tracking problems or similar tasks. I propose for instance a Dead-Beat-Controller in
such cases. 
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9 SIMULATION WITH SPREADSHEET

Back to the spreadsheet. Now we can see a spreadsheet with the first steps of the control circuit. At
step 2 the reference value w(k) is set to 1, formerly 0. In two screenshots we see the equation both for
the system and for the controller. It is interesting to see the connections with the other values of the
equations. This is where I show, how a difference equation will work. I use names for the parameters.
Of course I must not use the two characters ©a1© as a name, for this is also a reference to the cell A1!
So I use ©aeins© instead of ©a1© as a name for this parameter. 

Simulation with Spreadsheetk t [s] U(k) � (k) w(k)
0 0,0000 0,000 0,000 0,000 0,000
1 0,0005 0,000 0,000 0,000 0,000
2 0,0010 0,536 0,000 1,000 0,536
3 0,0015 0,989 0,015 1,000 0,989
4 0,0020 1,268 0,069 1,000 1,268
5 0,0025 1,364 0,170 1,000 1,364
6 0,0030 1,295 0,318 1,000 1,295
7 0,0035 1,099 0,498 1,000 1,099
8 0,0040 0,820 0,694 1,000 0,820
9 0,0045 0,508 0,885 1,000 0,508

10 0,0050 0,208 1,052 1,000 0,208
11 0,0055 -0,040 1,182 1,000 -0,040
12 0,0060 -0,211 1,264 1,000 -0,211
13 0,0065 -0,293 1,297 1,000 -0,293
14 0,0070 -0,285 1,284 1,000 -0,285
15 0,0075 -0,199 1,234 1,000 -0,199
16 0,0080 -0,055 1,159 1,000 -0,055
17 0,0085 0,120 1,071 1,000 0,120
18 0,0090 0,302 0,984 1,000 0,302
19 0,0095 0,467 0,910 1,000 0,467
20 0,0100 0,596 0,855 1,000 0,596
21 0,0105 0,677 0,826 1,000 0,677
22 0,0110 0,707 0,821 1,000 0,707
23 0,0115 0,688 0,840 1,000 0,688
24 0,0120 0,629 0,876 1,000 0,629

UC(k)

Sampling Period:0,5 ms

We can click on any cell and we will see the connections between the values, the constants and the pa-
rameters. In my mind this is easier to understand than the scripts for MatLab or Scilab. 

10DIFFERENT SAMPLING RATES FOR MODEL AND CONTROLLER

But this method has an important disadvantage: If the controlled signal has an overlay of a harmonic
signal with the same frequency as the sampling period, which is completely covered. I found this ef-
fect in the investigation of minimum variance controllers, where thus also occurs. 

To overcome this disadvantage it is advisable to use a higher sampling period for the process model,
for instance four times of the controller sampling period. We can see the result in a diagram, and now
we distinguish between the output signal � (t) with a high resolution, and the discrete signal � (k) with
the sampling period of the controller. Of course the manipulated signal is represented in step functi-
ons, as we know from other diagrams. 

7



Different Sampling Rates for Model and Controller
Model: 0,5 ms, Controller: 2,0 ms

t [s] U(k) � (t) � (k) w(t)
0,0000 0,000 0,000 0,000 0,000 0,000
0,0005 0,000 0,000 0,000 0,000 0,000
0,0010 0,000 0,000 0,000 0,000 0,000
0,0015 0,000 0,000 0,000 0,000 0,000
0,0020 0,000 0,000 0,000 0,000 0,000
0,0025 0,000 0,000 0,000 0,000 0,000
0,0030 0,000 0,000 0,000 1,000 0,000
0,0035 0,000 0,000 0,000 1,000 0,000
0,0040 0,854 0,000 0,000 1,000 0,854
0,0045 0,854 0,024 0,000 1,000 0,854
0,0050 0,854 0,089 0,000 1,000 0,854
0,0055 0,854 0,184 0,000 1,000 0,854
0,0060 1,010 0,300 0,300 1,000 1,010
0,0065 1,010 0,436 0,300 1,000 1,010
0,0070 1,010 0,588 0,300 1,000 1,010
0,0075 1,010 0,750 0,300 1,000 1,010
0,0080 0,394 0,917 0,917 1,000 0,394
0,0085 0,394 1,066 0,917 1,000 0,394
0,0090 0,394 1,184 0,917 1,000 0,394
0,0095 0,394 1,274 0,917 1,000 0,394

UC(k)
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Now we will look at the spreadsheet to see the relationships between the parameters and variables in
this case. I think it is not surprising now. 

Different Sampling Rates in Spreadsheet

Use of sampling period 
0,5 ms for motor model,
shown as actual value w(t)
and desired value w(t)

Use of four times sampling
period for controller: 2 ms, 
related discrete actual
variable w(k) and discrete
manipulated variable U(k)
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11PRACTICAL ASPECTS: COMPUTING TIME

Practical Aspects: Computing Time

Assumed, that a computed
manipulated variable interacts
first with the next sample point.

Effect: the control circuit losts
its stability!

Usually this aspect is not
adequate discussed in digital
control algorithms.
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Next we will do an investigation with this spreadsheet. Assumed, a computed manipulated variable
will interact first with the next sampling point and not with the same sampling point, how it is deter-
mined in the controller equation. Remember: the computed manipulated variable has to interact with
the same sampling point, in which the control error is determined. In practice this is completely im-
possible! We need time not only to calculate, but also to convert measured signals to its digital repre-
sentation and also to convert the controller©s output to a physical signal. So we assume this lasts about
one sampling period and we will see, what happens to the behavior of the control circuit: It looses its
stability! Usually this aspect is not adequate discussed in digital control algorithms. 

I devote at least one lesson for this important aspect, and we discuss for instance: How old is a measu-
red signal for the microcontroller if it is measured with incremental measuring systems and with a
counter for the increments. But back to the case at hand. 

To overcome the summarized delay of the manipulated variable it is necessary to increase the effecti-
ve dead time TU of the process by at least once sampling period. In fact I use a TU about 3 ms instead
of 1 ms. The resulting reference step response is showed in the picture. The behavior is not sufficient,
the damping ratio of the closed loop is much to high. 
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Practical Aspects: Computing Time
To overcome the delay of the
manipulated variable it is
necessary to increase the
effective dead time of the
process at least by one
sampling period
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t [s] U(k) � (t) � (k) w(t)
0,0020 0,000 0,000 0,000 0,000 0,000
0,0025 0,000 0,000 0,000 0,000 0,000
0,0030 0,000 0,000 0,000 1,000 0,000
0,0035 0,000 0,000 0,000 1,000 0,000
0,0040 0,000 0,000 0,000 1,000 0,217
0,0045 0,000 0,000 0,000 1,000 0,217
0,0050 0,000 0,000 0,000 1,000 0,217
0,0055 0,000 0,000 0,000 1,000 0,217
0,0060 0,217 0,000 0,000 1,000 0,434
0,0065 0,217 0,006 0,000 1,000 0,434
0,0070 0,217 0,023 0,000 1,000 0,434
0,0075 0,217 0,047 0,000 1,000 0,434

UC(k)

So we can increase the effective dead time further to TU = 5 ms, recalculate the controller parameters
and get the graph as showed. 

Practical Aspects: Computing Time

We experienced as a good
choice an increase of the
effective dead time by twice
sampling period
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t [s] U(k) � (t) � (k) w(t)
0,0020 0,000 0,000 0,000 0,000 0,000
0,0025 0,000 0,000 0,000 0,000 0,000
0,0030 0,000 0,000 0,000 1,000 0,000
0,0035 0,000 0,000 0,000 1,000 0,000
0,0040 0,000 0,000 0,000 1,000 0,097
0,0045 0,000 0,000 0,000 1,000 0,097
0,0050 0,000 0,000 0,000 1,000 0,097
0,0055 0,000 0,000 0,000 1,000 0,097
0,0060 0,097 0,000 0,000 1,000 0,194
0,0065 0,097 0,003 0,000 1,000 0,194
0,0070 0,097 0,010 0,000 1,000 0,194
0,0075 0,097 0,021 0,000 1,000 0,194

UC(k)

At this point I encourage our students to look for optimal parameters experimentally, because this is
the purpose of off-line simulations of systems. 
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12CONCLUSION

Conclusions

The use of spreadsheet for the simulation of discrete control was described.

Practical aspects of influence of computing time to the stability of the con-
trol circuit and a common solution were discussed. 

Maybe it was a contribution to simplify the understanding of this material.

Now we have seen, how spreadsheet programs can be used to simulate time discrete control systems.
We discussed some practical aspects, for instance the influence of the computing time to the stability
of the closed loop and a common solution to this situation.

It is generally a good practical experience to test new algorithms in a spreadsheet before programming
it in a higher programming language to discover, for instance, problems with scaling of values. 

Maybe it was a contribution to simplify the understanding of this material. 
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