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Abstract: This paper presents an exact mechanical ana- 
log for an electric power system that proves to be a 
powerful visualization tool for studying power systems 
issues such as load flow, transient stability, and the 
effects of FACTS devices. Techniques based on color 
and highlighting that make the method applicable to 
the visualization of large systems are introduced. The 
analog provides a means for demonstrating complex is- 
sues to audiences with little or no background in power 
systems. For the power engineer, the analog provides 
unique insights into the hows and whys of power sys- 
tem behavior. To the control center operator, an ac- 
curate model of the dynamic modes may bring about 
improved understanding of system behavior after con- 
tingencies and illustrate the relative merits of various 
dispatch options. 
Keywords: Mechanical analog, Visualization, FACTS 
devices, Load flow, Transient Stability. 

1 Introduction 

To the uninitiated, power systems often seem to be 
an intractably complicated morass of equations and ad 
hoc rules of thumb. Would five minutes be enough to 
explain to an engineer without a strong background in 
power systems why capacitors can support bus volt- 
ages? Would the explanation be coherent to an ed- 
ucated layman? What pictures or graphs can be used 
to visualize transient stability phenomena, the effects of 
varying power demand on bus voltages, or the influence 
of FACTS devices? 

This paper presents a mechanical analog for electric 
power systems, (similar to that of [2]) which was pre- 
sented at [4]. The analog proves to be a powerful vi- 
sualization tool, and this paper develops the analogy 
further and extends it to considerably larger systems. 
Recently, the authors discovered that a similar idea us- 

This paper was presented at the 1995 IEEE Power Industry 
Computer Applications Conference held in Salt Lake City, 
Utah, May 7-12, 1995. 

ing pivoted arms and springs was introduced in 1926 
by S. Griscom [5],  who restricted attention to radial 
systems which could be physically realized with springs 
and levers. This paper constructs such an analog for an 
arbitrarily connected network. Since a computer does 
not have to deal with issues such as how to prevent 
springs from becoming entangled, it is possible to study 
much more complicated systems than Griscom could. 

In our analogy, generators are represented by masses 
constrained to move along a family of concentric cir- 
cles, and transmission lines are represented by linear 
springs. Electrical current translates into force, and 
current sources/sinks such as generators and loads cor- 
respond to forces pulling upon<the network of masses 
and springs. 

Other visualization techniques for power systems dy- 
namics include the “rolling ball” analogy of [3]. Visual- 
ization techniques for static system behavior but using 
animation techniques include techniques for the visu- 
alization of voltage sensitivities [6] and visualization of 
power flows [7, 8, 91. Animation can be used to effec- 
tively describe other aspects of power system behavior. 

In this paper, the power system is assumed to have 
lossless transmission lines, and generators are modeled 
as constant voltages behind transient reactances. The 
load model is arbitrary, that is, no restriction on how 
the load varies as a function of the system state is as- 
sumed. We show that the mechanical analog is func- 
tionally identical to the power system model. 

This analog may prove to be an ideal vehicle for 
teaching and explaining a wide variety of power sys- 
tem behaviors and problems. In particular, it may be of 
great value in explaining concepts of power system oper- 
ation such as transient stability or the effect of FACTS 
devices to audiences of limited technical expertise. It 
may also be possible to use this analog in control cen- 
ter applications, to illustrate on line, dynamic effects of 
anticipated events or actions. When coupled with good 
graphics and animation, the analog provides unique in- 
sight into the hows and whys of issues like transient 
stability, load flow, and the use of FACTS devices. 

2 The Analog 

Consider a system of masses Mi,  springs b i j ,  and 
force vectors Fi and 5$, as in figure 1. 
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similar realignment. For instance, increasing the force 
\ \ modulus 6 2 2  will cause Mz to shift clockwise. Thus it is 

fairly easy to gain a qualitative feel for the way various 

. . . -* 
--------_ 

\ s:., 
changes will affect the system. 

\ 

2.1 The Electrical System Equations 

To see how the analog relates to an electric power 
system, consider a system of N, generators and Nb 
buses (Nm 5 Nb) where : \ 

i 
I 

e the transmission system is lossless 

e generators are modeled as a constant voltage be- 
hind a transient reactance 

e HI, is the inertia constant for generator k 

e - j b k m  is the admittance of the ( I C ,  rn) branch 

- j & k  is the admittance of generator IC’s transient 
Fig. 1: The mechanzcal analog for a two generator, reactance 
three load system. 

e P k  + j Q k  is the net load at load bus k 
The masses slide frictionlessly on concentric circles 
of radii El and E 2 .  In this case El = Ez. 

The mass positions are specified by angles 61 and 
S2 with respect to a zero reference. 

Torques exerted at each node are the angular com- 
ponent of the force vectors acting at each node, 
times the radial distance. The angular forces act- 
ing on the masses, TI and T 2 ,  are represented by 
shaded arrows. The torques on masses M I  and Mz 
are TI = T I E 1  and r 2  = T 2 E 2 .  

The masses are connected via a network of springs. 
A point where springs connect is a ‘load node’. 
The spring between load nodes i and j has force 
modulus bi, . 

The position of load node k is specified by its radial 
distance from the origin vk, and angle 6,. 

The force vectors Fl, F 2 ,  and Fs denote the load. 
The sum of the torques exerted by these forces 
must equal the sum of the torques applied to the 
masses for the system to be in equilibrium. 

e E k ,  Sk is the voltage and rotor angle, generator k 

vk, en: is the voltage and angle for bus k .  

e P,,k is the mechanical input power to generator k 

Then the active power injected into bus k from genera- 
tor k is P i  = b k k E k v k  sin(& - e,), 
and the reactive power injected into bus k from gener- 

Summing the active power injections into bus k yields 
ator k iS Qf = b k k V k  ( E k  COS(6k - e k )  - V k ) .  

Nb 

f, = -Pk + Pj + bkmvkvm sin(8, - 0,) = 0 
m=l,m#k 

(1) 
Summing the reactive power injections into bus k yields 

gk = -&k+&{+ 
Nb 

b k n a v k  (urn  COS(^, - ek) - Uk) = 0 
m=l,m#k 

(2) 
If we consider the generator terminal voltages to be 
fixed (the generator terminals are buses 1 . .  .Nm), the 
above equations represent the usual set of load flow 
equations for a lossless transmission system. 

To get a feel for this system, suppose it is initially at 
rest, with the sum of the torques acting on the system 
being zero. If one of the forces, say F z ,  were to increase, 
this would have to be countered by an increase in T I  

and/or T 2 ,  in order for the system to remain at rest. 
Increasing these forces stretches the springs and causes 
the entire system to re+ign itself in some way. Varying 
the direction in which F3 acts, by rotating it clockwise, 
causes spring b 2 3  to stretch and b13 to shorten. Tight- 
ening a spring (increasing its force modulus) causes a 

2,2 The Mechanical System Equations 
In the mechanical system : 

e Let ii,, be the unit vector in the increasing radial 
direction at load node k 

e Let Go, be the unit vector in the increasing angular 
direction at load node k 
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Fig. 2: Illustration of the eflect of shunt Compensation. 

Let i i ~ ,  be the unit vector in the increasing radial 
direction at mass IC 

0 Let &, be the unit vector in the increasing angular 
direction at mass k 

Then : - -  
U , ,  * U v k  = COS(8m - f l k ) ,  

l i ~ ,  . ti,, = C O S ( d k  - e k ) ,  

&, . &I, = Sin(flm - f l k )  
l iE ,  . iie, = sin(bk - 6 , )  

Let each load force Fk have components -3 in the 
angular direction and -e in the radial direction. 

Summing forces at load node IC yields : 

The ‘usual’ analog, as in [l], uses a non-linear, non- 
conservative spring in a ‘linear’ topology. In this ana- 
log the non-linearity of the equations is due the ‘non- 
linearity’ of the topology into which the system of lin- 
ear, conservative springs is embedded. Every quantity 
in the electric power system can be directly identified 
with a quantity in the mechanical analog, and many 
power system devices can be identified with simple me- 
chanical devices. Table 1 shows equivalent quantities. 

Table 1: Equivalence between electrical and mechanical 
quantities. 

Electric Quantity Mechanical Quantity 

Current Magnitude w Force Magnitude 
Active Power e Torque 

Radial Force 
Reactive Current w (inward is inductive) 
Line Admittance SDrinrr Force Modulus 

~~~ ~ I Voltage Magnitude -S Radial Distance from origin 1 
I Voltage Phase Anele -S Node or mass Dosition angle I 

2.3 Mechanical versus Electrical Equations 
We claim that the electrical system and the mechan- 

ical system are functionally identical. To see this, de- 
compose zk into orthogonal components by : 
0 Taking the angular component of sk and multiplying 

0 Taking the radial component of zk and multiplying 

We therefore conclude the equations governing the 
static equilibria of the two system are identical. 
Additionally, consider the power mismatch equation for 
each generator in the electric power system : 

by 211, yielding vk . zk . 56, = fk = 0. 

by vk yielding 2)k . sk . a,, = g k  = 0. 

Gk = Hkdk = Pm,k - bkkEkVkSin(6k - f l k )  (4) 

Calculating the net angular force exerted on mass..IC in 
the analog, and multiplying by Ek yields EiMk6k z 
Hkdk = Gk, if we k t  Tk = Pm,k. This implies the two 
systems are also governed by identical dynamics. 

We can use this analog to study both steady state 
(‘load flow’) and dynamic (‘transient’) behavior of elec- 
trical power systems. 

I Generator Inertia Mass moment of inertia I 
FACTS devices can also be represented in terms 

of the analog. If shunt devices such as SVC (Static 
Var Compensators) are modeled as strictly reactive el- 
ements (such as variable shunt admittances, current 
sources, or VAR sources) they correspond to forces act- 
ing radially at various points in the network. If TCSCs 
(Thyristor Controlled Series Capacitors) are modeled as 
variable series admittances, they correspond to springs 
with varying force moduli. 

3 Examples 

Example 1, The effect of capacitive shunt com- 
pensation on load voltage. 

Figure 2 shows the effect of capacitive shunt compen- 
sation for a one machine, one load system. 

The picture on the left shows a situation where load 
voltage is unacceptably low. Adding capacitive com- 
pensation at the load, perhaps with an SVC, corre- 
sponds to a force pulling radially outward, elevating 
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Fig. 3: E$ects of increasing load. 
X 

load voltage, which can be seen as the radial distance 
U increasing. Here the total area of the arrow is drawn 
proportional to load current magnitude, I .  The length 
of the arrow is am and the width $m, where CY, /3 
are positive constants. The area of the arrow is there- 
fore PI. Large a gives ‘long, skinny’ arrows, while small 
a gives ‘short, fat’ arrows. /3 scales arrow size uniformly. 
As voltage increases, the size of arrow F decreases. For 
this case, F has components -: in the angular direc- 
tion, and --$ in the radial direction, with P and Q 
constant. Therefore, when v increases, the magnitude 
of F will decrease. This corresponds to the magnitude 
of the current drawn by a constant PQ load dropping 
as load terminal voltage increases. 

Example 2, Load Flow Visualization 
The effects of increasing load on a system can be seen 

in figure 3. The system is the same as that shown in 
figure 1, two generators supply a system of three loads. 
Moving from left to right, both the load arrows (black), 
and the generator arrows (shaded) increase in magni- 
tude, corresponding to a simultaneous increase in total 
system load and generation. The arrows are drawn as 
in Example 1. The radial component of the force at the 
generators is not shown since it is assumed (by the con- 
stant voltage behind a transient reactance model) that 
radial forces have no effect on the generators. This im- 
plies the generators have unlimited reactive capability. 
As load increases, the lines representing the springs get 
longer. This corresponds to a larger voltage drop across 
the transmission lines, and implies higher current mag- 
nitude in the line. As load increases, the relative angles 
between points in the network increase with increasing 
load, confirming the intuition that higher power trans- 
fer implies larger angle differences in the network. With 
increasing load, the radial distance from the origin of 
the load nodes decreases This verifies intuition gained 
from ‘nose curves’, in that system voltages are expected 
to begin to drop at some point as load increases. 

Example 3, Visualizing Transient Stability 
For this example, consider the system of two gener- 

ators, one load, and three transmission lines shown in 
figure 4. 

Arrows TI and T2 correspond to the mechanical in- 
put power to generators G1 and Gz. F3 corresponds 

X X 

to load P3 + j Q 3 .  In the mechanical analog diagram 
above, springs bll  and b22 are much shorter than the 
other springs in the system as the transient reactances 
of GI and Gz are assumed to be much smaller than the 
transmission line reactances. 

A fault will be applied to the system at  the point 
indicated in figure 4. This can be visualized as tying this 
point in the spring directly to the origin, representing 
zero voltage at  the point of the fault. 

The effects of the fault can be seen in the sequence 
depicted in figure 5. 

During the fault, there are net torque (power) imbal- 
ances a t  the masses (generators). This causes one to 
accelerate, the other to decellerate, with a net effect of 
an increased angle difference between the masses. Dur- 
ing the course of the fault, each mass acquires kinetic 
energy. If, when the fault clears, the system has enough 
kinetic energy, the masses will continue traveling past 
180 degrees relative angle, as in the last picture. Once 
the masses pass through 180 degrees, they will acceler- 
ate toward each other, increasing system kinetic energy 
further. Synchronism of the system has been lost. 

If the fault were of somewhat shorter duration, the 
masses could not get to the point of 180 degrees rela- 
tive angle, as the system would not have enough kinetic 
energy to stretch the springs this far. For that case, the 
system would remain synchronized (the relative angle 
between the masses would remain bounded). 

4 Visualizing Large Nedworks 

For large networks it is not practical to represent ev- 
ery load, every generator and every line. One option 
is to use incomplete representations, retaining only a 
few lines, loads and generators. Unfortunately, the re- 
tained network may be disconnected, leading to very 
poor intuition. Instead, it is possible to use color and/or 
highlighting to fade into the background less interesting 
portions of the system, while highlighting either por- 
tions of the system of interest (lines, buses), or at least 
highlighting selected “key” buses. 

The technique is surprisingly effective. Figure 6 illus- 
trates the visualization of a large network and the use of 
highlighting techniques for dealing with large systems. 
These displays correspond to a 1300 bus system at two 
different load levels. 
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Fault Location 

P3+ jQ3 
(a) One Line Diagram (b) Steady State Mechanical Analog 

Fig. 4: Pre-fault equilibrium conditions f o r  a two generator, one load system. 

5 Further Extensions 

So far machine damping has not been included in 
the model presented here. Damping can be included 
by imagining the entire system of masses and springs 
being immersed in a viscous h i d ,  such as oil or water. 
Machine damping constants can then be thought of as 
proportional to mass cross-sectional area. 

For systems with transmission losses, the analog 
breaks down as the mass/spring system and the electri- 
cal power system are no longer functionally identical. 
For this case, the analog can still be a useful tool. The 
mechanical analog display shows the electrical distri- 
bution of the system, as opposed to one-line diagrams, 
which show the spatial distribution. The mechanical 
analog diagrams show the strength or weakness of elec- 
trical couplings in the system. 

6 Conclusions 

This paper has presented a new method for visualiza- 
tion of electric power systems problems. With the cur- 
rent state of computer graphics, the analog presented 
can be refined to yield a visualization tool which en- 
hances the understanding of power system static and 
dynamic behavior. 

Islanding and coherency is particularly easy to vi- 
sualize, even on large systems. When animated, these 
diagrams clearly show groups of machines swinging to- 
gether. Exactly what tie lines could be compensated 
to more directly couple the coherent groups are easily 
identified via use of the analog. 

In one compact display, these diagrams show mag- 
nitude and phase of all voltages in the system, and 
magnitude and phase of all load currents. Additionally, 
voltage drops across all transmission lines are evident. 

Clearly, the lack of color and animation within the 
printed page has rendered our displays far less effective 
than they are in practice. The authors intend to make 
the results available for viewing via the Internet (the 
World Wide Web). 
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A: Low Load Level B: High Load Level 

Fig. 6: Representation of a 1,900 bus system ai low and high load levels. 


