EE554 Spring 2001

Work problems 1.5, 1.6 and the problems below.
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1.7 Newton’s second law of motion for rotating bodies, when applied to the jth mass connected by elastic (not rigid) shaft sections to masses i and k is:
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Here, Jj is the moment of inertia for mass j. Tj is the torque applied by mass j to the shaft. Kji is the torsional (twist) spring constant, Dji is the viscous friction damping that represents the average material behavior between the masses, and dj represents any damping applied to mass j alone (for a steam turbine, “steam damping” of the turbine blades). Basically, this expression says that the sum of all torques (the right hand side) equal the accelerating torque (the left hand side). Clearly, the mass has a constant velocity when the sum of all torques is zero.

One very interesting power systems dynamics problems is called sub-synchronous resonance (SSR). SSR is a condition where the electric network exchanges energy with a turbine generator at one or more of the natural frequencies of the combined electric/mechanical system. It is most likely to occur in large turbine generators directly connected to high voltage transmission systems utilizing series capacitance to decrease transmission line reactance. It results in oscillatory behavior at frequencies below the synchronous frequency of the system. In the worst case, it can result in failure of the turbine shaft, requiring very high-cost replacement. This happened in the early 70’s at the Navajo generating facility in Arizona. Analysis of SSR requires modeling the dynamics of the mechanical system and the electrical system. Here, we focus on the modeling required for the mechanical system.

Large turbine generator sets usually have multiple turbines operating at different pressure levels supplying the mechanical power to the generator along the same shaft. In addition, most have shaft-mounted exciters. A schematic representation of a turbine generator set is shown in the figure below. The shaft is eleastic and has five masses associated with the various turbine stages, generator and exciter as shown. Assume all Dij=0. 

Tmi = mechanical torque applied to mass i 

Te, Tex  = electrical torque of generator and exciter respectively

Kij = spring constant of shaft between masses i and j
di = damping (mechanical) applied to mass i

Ji= inertia constant associated with mass i

(i  = angular displacement of the shaft at mass i

Write the equations of motion (swing equations) for the various masses of this system in terms of delta. Define state variables xi, and write the equations in state-space form.

1.8 Consider the rotational electromechanical system shown in the figure below, where two DC shunt machines are connected by a small shaft having torsional spring constant K and viscous friction damping D. The machine on the left is a motor having inertia constant J1, and the machine on the right is a generator having inertia constant J2. The motor’s electromagnetic torque drives the shaft, and the generator’s electromagnetic torque retards it. The terminal voltage of the DC motor is constant, and, since the machines both have shunt connected field windings, the field current and thus the field flux can be assumed constant. Recall that for dc machines, under the condition of constant field flux, the internal voltage (sometimes called the ‘back emf’) is directly proportional to the speed, and the torque is directly proportional to the armature current, and the proportionality constants for the two relations are the same. Let these constants be km and kg for the motor and generator, respectively.

In what follows, assume the electrical currents are constant (this amounts to neglecting the electrical transients).
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a. Assume the reference is fixed. 

(i) For the motor, write an equation for the mechanical dynamics, and use motor electrical relations to replace T1.  Express the acceleration of the motor as a function of angles, speeds, and the various system constants.

(ii) For the generator, write an equation for the mechanical dynamics, and use generator electrical relations to replace T2. Express the acceleration of the generator as a function of angles, speeds, and the various system constants.

(iii) Define state variables xi , and provide four state equations in state-space form.

b. How would the state equations found in a-iii change if the reference had a constant angular velocity of (0?
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