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Why do we simulate?

� To reduce the lifetime cost of a system.

� In requirements: trade-off studies.

� In test and design: fewer proto-types.

� In training: avoid accidents.

� In operation: anticipate problems.
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Example of costly training

� The prospective pilot sat in the top section of this device and was required to line up a

reference bar with the horizon. 1910.

� More than half the pilots who died in WW1 were killed in training.
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Effect of incomplete simulation

� European blackout. November 2006. A proper simulation could have avoided the

blackout.
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Example of erroneous usage of simulation results

� It is well known that the accident of Challenger space shuttle on 28th January 1986

was attributed to NASA organizational failure.

� The breakdown of Columbia space shuttle in February 2003 points out again how even

minute details play important roles in complex and high risk organizations.

� The methodological cause of these disasters can be found in the “acceptance of

deviations” concept introduced by NASA to overcome the mismatches between theory

and simulation/experimental results.
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When do we simulate?

� Let de�ne:

� Lifetime savings is what you save by better trade-offs, less proto-typing, fewer

accidents, and addressing issues before they become problems.

� Simulator costs are what you pay to build, buy, apply, and maintain simulators.

� Adoption costs are what you pay to change the organization's culture and train

people in new methods.

� Then we simulate if:

Lifetime savings > Simulator costs + Adoption costs
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Economic of Modelling and Simulation

� In order to choose a simulation tool, it can be useful to consider three aspects:

1. Who use it?

2. What can one do with it?

3. How much does it cost?
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Transient Network Analyzer

� In the past, analogical Transient Network Analyzers (TNAs) were the only simulation

tools available for research and education in power engineering.

� Example – The Cornell Power Network

Calculator was purchased in 1953 from

the Westinghouse Electric Corporation.

� It was able to simulate 128 transmission

lines, 48 adjustable load circuits and 18

generator units.

� The primary source for the calculator was

a 25 kW, 440-hertz generator.
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How Simulation Tools Affect the Model (I)

� TNAs were expensive, dif�cult to tune and modify. However, t hey provided intrinsically

real-time or even faster than real-time computing capability.

� The advent of digital analysis has led to a more convenient way of performing

simulations through digital computers.

� Thus, the model is a simpli�ed representation of the physical system suitab le for being:

� expressed in terms of mathematical equations; and

� translated into computer programming code.
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General Approach for Studying a Physical System
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How Simulation Tools Affect the Model (II)

� Both simpli�cations and hypotheses are often driven by the n umerical solution

methods that are available for solving the given system equations.

� Even more critical is the importance of simpli�cations if on e looks for an analytical

explicit solution.

� A fruitful approach: try to solve simple problems by hand. Good ideas often come out

just to avoid a repetitive work.
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General Approach for Studying a Physical System (Revisited)
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Examples

� Examples of problems that has to be reformulated because of the lack of suitable

solvers:

� Mixed-integer nonlinear programming problems;

� Determination of the Lyapunov function of a generic system;

� Stochastic differential algebraic equations with stochastic processes within the

algebraic terms.

� Functional differential equations with time delays depending on the state variables.

� etc.
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Hybrid Dynamical Model (I)

� The most general model that can be used for representing power systems is as follows:

_� = ' (� ; u ; t) (1)

� where � (� 2 Rn � ) is the vector of state variables, u (u 2 Rn u ) the vector of

discrete variables, t (t 2 R+ ) the time, and ' (' : Rn � � Rn u � R+ 7! Rn � ) the

vector of differential equations.
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Hybrid Dynamical Model (II)

� If one want to avoid using the vector u , (1) can be rewritten as follows:

_� =

8
<

:
' � (� ; t) if t < t i

' + (� ; t) if t � t i

(2)

� where t i is the time at which a certain event occurs.

� Clearly, if more than one discrete variable changes value, the if-then rule is more

complex.
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Time Scales of Relevant Power System Dynamics
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Time Scales of Relevant Power System Controllers

FACTS control

Generator control

Protections

Prime mover control
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Hybrid Dynamical Model (III)

� The common solution is to divide the vector of general state variables � into three

sub-vectors:

1. State variables � s characterized by slow dynamics (i.e., big time constants);

2. State variables � i whose dynamics are of interest;

3. State variables � f characterized by fast dynamics (i.e., small time constants).
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Hybrid Dynamical Model (IV)

� In mathematical terms, one has:

_� s = ' s(� s; � i ; � f ; u ; t) (3)

_� i = ' i (� s; � i ; � f ; u ; t)

_� f = ' f (� s; � i ; � f ; u ; t)

� where � = [ � T
s ; � T

i ; � T
f ]T .

� In (3), the time evolution of � s can be considered so slow that their variations can be

neglected (e.g., � s are frozen at a given value).

� On the other hand, the dynamics of � f can be considered so fast that their variations

can be considered instantaneous.
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Hybrid Dynamical Model (V)

� The resulting model is thereby a set of nonlinear differential algebraic equations

(DAEs) with discrete variables, as follows:

_x = f (x ; y ; � ; u ; t) (4)

0 = g(x ; y ; � ; u ; t)

where x (x 2 Rn x ) indicates the vector state variables, y (y 2 Rn y ) are the

algebraic variables, � (� 2 Rn � ) are the controllable parameters, f
(' : Rn x � Rn y � Rn � � Rn u � R+ 7! Rn x ) are the differential equations, and g
(' : Rn x � Rn y � Rn � � Rn u � R+ 7! Rn y ). Comparing (4) with (3), the

following correspondences hold:

� � � s; x � � i ; y � � f ; f � ' i ; g � ' f (5)
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Hybrid Dynamical Model (VI)

� Analogously to (2), equations (4) can be split into a collection of subsystems if discrete

variables u are substituted for if-then rules.

� Thus, (4) can be conveniently rewritten as a collection of continuous DAEs, one per

each discrete variable change.

� Such a system is also known as hybrid automaton or hybrid dynamical system.
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Hybrid Dynamical Model (VII)

� The DAE system (4) can be de�ned for any time scale. The terms slow and fast do not

mean anything unless the reference time scale is de�ned.

� For example, the time scale that concerns transient stability analysis ranges from 0:01
s to 10s or, which is the same, from 0:1 Hz to 100Hz.

� Most commercial tools for transient stability analysis cannot take into account other

phenomena.

� This is a problem since modern power systems contain a variety of devices that cannot

be studied properly using classical transient stability time scales.
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Example I: Electromagnet (I)

� Let consider a simple electro-mechanical system: the electromagnet (on the right,

industrial electromagnet lifting scrap iron, 1914).
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i (t)

~g

�
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Example I: Electromagnet (II)

� The electrical equation is:

v = Ri � e

where R is the resistance of the coil and e is the mmf induced by the magnetic circuit:

e = �
d�
dt

and � is the magnetic �ux in the iron core, which depends on the curr ent and on the

position x :

� = L (x)i =
N 2i

R Fe + R 0(x)
� � 0

N 2Ai
x

where L is the inductance of the coil, A is the iron core section area and we have

assumed that the reluctance in the iron core is negligible with respect to the one in the

air gap (R Fe � R 0).
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Example I: Electromagnet (III)

� The time derivative of the magnetic �ux gives:

d�
dt

= L(x)
di
dt

+
@L
@x

dx
dt

i

� The mechanical equations is:

m
d2x
dt2 = f (x) + b

dx
dt

+ mg

where b is a viscous friction coef�cient, and f (x) is the force generated by the

magnetic circuit:

f (x) =
1
2

@L(x)
@x

i 2 = �
1
2

N 2

x2 � 0Ai 2
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Example I: Electromagnet (IV)

� If we de�ne the speed as w = dx
dt and put together electrical, magnetical and

mechanical equations we obtain:

di
dt

=
x

� 0AN 2

�
v(t) � Ri + � 0

N 2A
x2 i

�

dx
dt

= w

dw
dt

=
1
m

�
� � 0

1
2

N 2A
x2 i 2 + bw+ mg

�

which is a continuous nonlinear ODE in the form:

_� = ' (� ; t)

where � = [ i; x; w ]T .
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Example I: Electromagnet (V)

� The inertia of the mobile magnetic core naturally decouples electrical and mechanical

dynamics.

� In other words, the dynamics of the electrical state variable (i ) is faster than that of

mechanical ones (x and w).

� Hence there are two ways to approximate the original set of ODEs, depending on

which dynamics are of interest.
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Example I: Electromagnet (VI)

� If we are interested in electromagnetic dynamics:

x = � i = [ i ]; � = � s = [ x; w]T

� Then:
di
dt

=
x0

� 0AN 2

�
v(t) � Ri + � 0

N 2A
x2

0
i
�

where x0 is constant as the position of the mobile core does not vary in the considered

time frame.
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Example I: Electromagnet (VII)

� If we are interested in mechanical dynamics:

x = � i = [ x; w]T ; y = � f = [ i ]

� Then:

0 = v(t) � Ri + � 0
N 2A
x2 i

_x = w

_w =
1
m

�
� � 0

1
2

N 2A
x2 i 2 + bw+ mg

�

where i is degraded to an algebraic variable and is always in steady state ( di
dt = 0 ).
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Example I: Electromagnet (VIII)

� For the particular case of alternate current voltage, stationary conditions can be

described by static phasors:

I =
V

p
R2 + X 2

where I and V are the rms values of the current and the voltage, respectively, and X
is the system reactance:

X = !L (x) = !� 0
N 2A

x

� Assuming R � X :

I �
V
X

=
V x

� 0!N 2A
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Example I: Electromagnet (IX)

� If the current is ac, we have:

f = �
1
2

@L
@x

i 2(t) = �
1
2

@L
@x

I 2
M sin2(!t )

� Since sin 2� = 0 :5(1 � cos(2� )) , the previous expression can be rewritte as:

f = �
1
2

@L
@x

I 2 +
1
2

@L
@x

I 2 cos2(2!t )

where I = I M =
p

2 is the rms value of the current.
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Example I: Electromagnet (X)

� Note that the term that depends on the electrical pulsation ! is �ltered by the inertia of

the mobile iron core, i.e., the mobile iron core does not oscillate!

� Observe also that, assuming ac stationary conditions, i.e., no dynamic interactions

between electromagnetic and mechanic dynamics, the electromagnetic force becomes:

f � �
1
2

@L
@x

I 2 = �
1
2

AN 2

x2 I 2 � �
1
2

V 2

� 0! 2N 2A

� The force is only a function of the voltage rms value, not of the position of the mobile

iron core.
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Example I: Electromagnet (XI)

� An electric bell is a mechanical bell that functions by means of an electromagnet.

� How is the resonant condition obtained?

� Is it necessary to use alternate current?

Dublin, 2018 Computer-based Power System Modelling - 34



Power System Analysis

� Power systems are “complex” systems. The European interconneted system is

considered the most complex system ever built by man.

� They include several millions of devices that have to be properly coordinated.

� Luckily enough, the vast majority of these devices can be grouped in relatively few

groups (transmission lines, transformers, synchronous machines, AVRs, turbine

governors, etc.)

� The most natural way to simulate such complex system is through a computer, which

allows simulating the whole system in an inexpensive and scalable way.
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European Interconnected System

� The European Interconnected System is the most complex system ever built by man to

this date.
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Bottom-up Approach

� The best way to study a complex system is to divide it into its main relevant

components (devices) and de�ne each components �rst.

� When each device is properly de�ned (in terms of a set of diffe rential algebraic

equations and discrete variables) then all models can be put togheter.

� This is known as bottom-up approach and it will be systematically used in this module.
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Example of Bottom-up Approach

� Let illustrate the modular and bottom-up approach and the layered architecture using a

system with a system composed of:

� Doubly-fed induction generation (DFIG) coupled with a wind turbine.

� A superconductiong magnetic energy storage (SMES) device.

� The SMES measures the power generated by the DFIG in order to inject in the point of

connection with the remainder of the network a constant active power.
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Scheme of the Physical System
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Elements of the DFIG

� Wind

� Wind turbine

� Gear box

� Induction machine

� Electronic converter and related controllers

� Pitch controller

� Maximum power point tracking (MPPT)

� Voltage/reactive power controller

� Protections
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Elements of the SMES

� Superconducting coil

� Boost (or buck) converter

� Condenser

� VSC converter and realated controllers

� Transformer

� Phase reactor

� AC �lter

� PLL controller

� Boost duty-cycle controller

� Protections
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Remarks

� The interaction of the whole system is much more complex than the sum of the

behavior of each single device because of:

� Nonlinearity of certain devices.

� “System degradation”.

� The two issues above complicate the synthesis of robust control systems.
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