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ABSTRACT 

During the CEDM performance test for KNGR we find that the sequential motion of latches is important to the 

successful operation and that this is governed by the timing sequence of a control system. However timing sequence setup 

needs mechanical and electrical characteristic that cannot be obtained without test. Moreover, electrical current traces of the 

motor coil from tests give valuable information of the latch mechanical motion and the amount of force necessary to the 

system operation. However, due to the high cost associated with actual system testing, it is not always feasible to conduct 

parametric studies to improve CEDM operation. 

Work has recently been undertaken to formulate a numerical model which effectively simulates operation of the 

CEDM latch mechanism. Simulation of the mechanical and electro-magnetic characteristics for KNGR CEDM has been 

pursued to set the proper timing sequence of CEDM control system that insures the smooth latch operation and to supply the 

optimized current to the motor. 

A latch magnet with a release spring is simulated by a single degree of freedom system in a mechanical sense and a 

driving coil with a control system is simulated as R-L circuit in an electrical sense. Two governing equations have been 

derived for the above systems and the force-magnetic field relation couples these equations. A small Basic language program 

with Runge-Kutta method is written to solve the coupled differential equation of second order. The coil current and the 

displacement of a magnet have been calculated along the time considered. Calculated result is compared to the CEDM 

performance test data and gives a good agreement. 

Though concentrating on a single phase of CEDM motor operation, this work exposes many of the essential 

characteristics needed to formulate a more comprehensive model of the whole system. Developed program can be applied for 

a parametric calculation during a design stage and for performing diagnostic studies on simulated fault condition without 

performing a test. 

INTRODUCTION 

The Control Element Drive Mechanism (CEDM, Figure 1) is an electromechanical device which provides controlled 

linear motion to a Control Element Assembly (CEA) in response to operation signals received from the Control Element 

Drive Mechanism Control System (CEDMCS). The mechanism is operated by applying localized magnetic fields to movable 

magnet assemblies. Linear motion of these parts is transferred to a stepped extension shaft assembly (ESA) by latching 

devices that operate in conjunction with the movement of the magnets. This motion is also imparted to the CEA which is 



directly coupled to the ESA. 
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Fig. 1 Magnetic Jack Type Control Element Drive Mechanism 

During engagement, as the latch magnets are mechanically closed, decreasing the gap between them, the magnetic flux 

is increased. This change induces an electric current in the coil circuit, the effect of which is to oppose the change in flux due 

to forced engagement of the magnets. This is evident by the decrease in latch coil current as the gap width is decreased. 

When the gap has reached its zero position, mechanical motion ceases and the coil current once again begins to increase. On 

the other hand, during scram, as the latch magnets are mechanically forced apart, increasing the gap between them, the 

magnetic flux is decreased. This change induces an electric current in the coil circuit, the effect of which is to oppose the 

change in flux due to forced separation of the magnets. This is evident by the increase in latch coil current as the gap width is 

increased. When the gap has reached its maximum value, mechanical motion ceases and the coil current once again begins to 

decrease. 

At the beginning of preliminary CEDM performance test for KNGR we have experienced anomalies in operation, and 

its cause of trouble has been revealed to be inaccurate timing sequence reflecting slow drop-out delay time due to the absence 

of dissipation resistor. We notice that delay time as well as engagement time shall be considered to define optimum timing 

sequence. These characteristics are fully coupled mechanical and electro-magnetic design of CEDM latch and motor, and 

hence it was determined from a test. 

Moreover, we find that electrical current traces of the motor coil from tests give valuable information of the latch 

mechanical motion and the amount of force necessary to the system operation. However, due to the high cost associated with 

actual system testing, it is not always feasible to conduct parametric studies to improve CEDM operation. 

In reference to Westinghouse' s simulation[ 1] a numerical model of the electromechanical operation of the CEDM latch 

mechanism has been developed from the principles. This model simulates operation of the latch mechanism under high 
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voltage, low voltage application, and voltage-off conditions. Though concentrating on a single phase of CEDM motor 

operation, this work exposes many of the essential characteristics needed to formulate a more comprehensive model of the 

whole system. 

The simulated response characteristics of the CEDM latch mechanism closely match the measured latch coil current 

traces obtained during CEDM motor testing. They also clearly depict the relationship between mechanical movement of the 

latch magnet and its effect on measured coil current. This model would permit the establishment of target parameters, which 

may be used to compare the operation of the current CEDM design with expected operation based on an optimum design 

configuration. 

ANALYSIS: MODELING OF CONTROL ELEMENT DRIVE MOTOR 

The CEDM latch mechanism is a linear electromagnetic actuator that may be modeled as an electromagnet. The 

equations used to represent this device are coupled nonlinear differential equations, relating the electrical, mechanical, and 

magnetic properties of the system. Coupling between the electric and mechanical portions of the system is achieved by the 

magnetic circuit, which establishes the inductance and the magnetic force. 

A schematic representation of the CEDM latch mechanism is shown in Figure 2. This may be conveniently subdivided 

into separate electrical and mechanical system. General equations may be written to describe the dynamic behavior of these 

two networks. The circuit inductance, L(x,O, characterizing the magnetic coupling, may be estimated by applying Ampere's 

law to the magnetic circuit, which represents the latch mechanism. Since the materials used in the fabrication of the motor 

housing and the latch magnets behave in a nonlinear manner, the circuit inductance, L(x,O, is a function of the coil current (i). 

Also, since the gap between the fixed and the movable magnet is variable, the inductance, L(x,O, depends on the gap width 

(x). A more detailed evaluation of the magnetic circuit is presented in the following. 
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Fig. 2 Simplified Single Motor Model for Mathematical Formulation 



Electrical Network 

An equation for the electrical network may be written by applying Kirchhoff's voltage law[2] to the R-L circuit. By 

restricting the equation to zones where the inductance may be considered approximately constant over the operating range, 

L(x,O may be treated as a function of only the gap width (x). At the initiation of motor operation the voltage source is 

connected to the circuit and the circuit is then permitted to charge. At the initiation of a system scram the voltage source is 

disconnected from the circuit. The circuit is then permitted to discharge through dissipation. These two conditions can be 

described by Equation 1. 

d 
( R  + R d ) . i + V(t)  + -~t {L(x). i} - 0 (1) 

Expanding the second term in Equation 1 leads to the following expression: 

di alL(x) (&  + R~)}- i -V( t )  (2) t ( x ) - = -  { 
dt dt 

Mechanical System 

A general expression for the dynamic response of the mechanical system[3] may be written. This expression, Equation 

3, includes all of the mechanical, dissipative, and magnetic forces acting on the system. 

d2x dx 
m ~  - k(Xp - x) + c ~ +  Fm,~h + F o~ + F~,~o~ (3) 

dt 2 dt 

The effect of friction on the system is comparatively small, so the friction force will be neglected in the dynamical 

model for the latch mechanism. Also, since the gap width is small, the velocity of the movable magnet is expected to be 

insignificant: the force term due to viscous damping will therefore be neglected. The reduced dynamic equation now contains 

three force terms, the spring force (including spring preload), the mechanical force, and the magnetic force. The desired 

expression is given by Equation 4. 

d2x 
m ~ - k(Xp - x) + Fm,ch + Fmag (4) 

dt 2 

Magnetic Circuit 

The magnetic circuit for the CEDM latch mechanism is modeled as a solenoid, consisting of the coil assembly, the 

motor housing, the motor assembly, and the intervening nonmagnetic spaces between these components. A preliminary 

analysis of the circuit and the available coil traces appears to support this model. It is conjectured that the steel plates located 

above and below the coil provide a low reluctance pathway which concentrates the field so that it is uniform across the motor 

assembly and the motor housing. 

The magnetic circuit may be examined by applying Ampere's law to the affected components. This analysis is 

facilitated by schematically depicting the magnetic circuit as an analogous electric circuit. The magnetic flux in the various 

legs of the circuit may be calculated in terms of the magnetic induced force (Equation 5 and 6, [4]). In addition to formulating 

expressions for inductance and the magnetic force, estimates are made to determine the operating range wherein the 

respective components will become saturated. 



Illustrated on Figure 3 are three inductive elements wired in series. The inductance of the system is represented by 

Equation 7. These elements represent the inductive contributions due the magnetic components operating in the latch 

mechanism. They include the leakage inductance, the inductive contribution of the magnet assembly, and the inductive 

contribution due to the motor housing. 
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Fig. 3 Representative Circuit Inductance for CEDM Latch Mechanism 

CEDM Latch Model 

The complete model for the CEDM latch mechanism is derived from the information presented above. It consists of 

two coupled nonlinear differential equations, which represent the electrical and mechanical response of the system. The 

equation for the electrical network for the CEDM latch mechanism is summarized as Equation 8. 

di /z o • N 2. Ag . v 
L ( x ) - ~ -  { ( 6  +x) 2 - ( R  +R a)I.i  +V(t) (8) 

The mechanical equation for the CEDM latch mechanism is summarized as Equation 9. Above the saturation current 

for the magnet assembly, about 2.2 amperes, the magnet force is essentially constant, being equal to the saturation force. 

Below the saturation current, the magnet force depends on the value of the circuit current and the gap width. 
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Letting v = ( d x / d t )  gives an expression for the second order term. 

d2x dv 
= ~ (10) 

d t  2 d t  

It also includes various conditional statements that restrict the range of applicability of the lumped parameter inductive 

elements that comprise the latch model. The Inductance of the system is summarized in Table 1. 

Table  1 List  of  S y s t e m  I n d u c t a n c e  Value  

Current Cond. 

i < 1 . 0  

1 . 0 < i < 2 . 2  

i > 2 . 2  

Lsaturation 

0.49 

Lmagnet 
, 

/toN2A 

floN24 
(5 + x) 

Lhou~ 

2.38 

NUMERICAL SOLUTION 

Because of the nonlinear behavior of the system, it is necessary to utilize numerical methods to solve the dynamic 

system equation. A specific program, written in Visual Basic to give the more user-friendliness, was written to solve the 

simultaneous ordinary differential equations using a Runge-Kutta method[5]. The output of the program is a listing of coil 

current and the gap displacement of magnet as a function of time for the given timing sequence for CEDM. 

This program is used to simulate the coil traces for the CEDM latch mechanism. Two specific cases are examined. In 

the first case the value of the dissipation resistor is set at 40 ohms. This corresponds to operation of the CEDM motor in the 

plant. In the second case the value of the dissipation resistor is equal to zero. This corresponds to scram conditions at the 

plant; where circuit wiring for the control system results in the dissipation resistor being bypassed. 

~ S U L T S  AND DISCUSSION 

Figure 4 shows the comparison of coil current traces from calculation to the test. Test data, as dashed line, exhibits the 

withdrawal characteristic shown in Figure 4. Shown on Figure 4, as solid lines, are representative curve fits for the calculated 

trace. This figure depicts normalized coil current and gap width during simulated conditions. When the coil current has 
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increased sufficiently, the magnetic force for the latch mechanism is able to power the mechanical forces acting to engage. 

This is indicated by a decrease in the gap width. When the gap width has reached zero, it is considered to be fully engaged to 

the ESA~ The time at which this occurs is the latch engagement time. Oppositely when the coil current has decreased 

sufficiently, the magnetic holding force for the latch mechanism is no longer able to overpower the mechanical forces acting 

to release it. This is indicated by an increase in the gap width. When the gap width has reached its maximum value it is 

considered to be fully disengaged from the ESA. The time at which this occurs is the latch drop-out time. Two traces from 

the test and the simulation show typical shape of coil current and show a good agreement. 

For scram two specific cases - one with 40 ohm dissipation resistor and the other without a dissipation resistor - are 

examined representing scram conditions at the plant. The difference between the two traces is directly related to the value of 

the dissipation resistor used in the circuit calculations. A 40 ohm resistor is connected to the circuit when the CEDM is in 

motion. This causes the coil current to decay at a rapid rate. The circuitry at certain of System 80 Plants is, however, 

configured so that the dissipation resistor is bypassed during scram operations. Absence of this added circuit resistance 

results in a longer latch drop-out time. Engagement time for the latch is about 110 msec and the necessary current is about 9.0 

amperes. Drop out delay time with a 40-ohm dissipation resistor is about 100 msec. While one without a resistor is 500 

msec, which is much longer. In real test data the drop out delay without additional resistor is found about 750 msec. 
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Fig. 4 Comparison of the Coil Current Traces between Calculation and Test 

CONCLUSION 

The operation of the CEDM latch mechanism can be explained using fundamental principles developed from 

mechanics and from electromagnetic theory. Using these principles it is possible to construct a lumped parameter model of 

the latch mechanism, which closely approximates measured response characteristics obtained during testing. This simulation 

would permit the establishment of target parameters, which may be used to compare the operation of the current CEDM 

design with expected operation based on an optimum design configuration during R&D stage without performing a test. 



Further development of a more complete model of the motor assembly would provide greater opportunities for 

evaluating proposed design changes, and for performing diagnostic studies on simulated fault condition. It could also be used 

to investigate the impact of changes in electrical control signals on the operation of the CEDM motor. 
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NOMENCLATURE 

R, Ro Rd = resistance in a circuit, coil resistance, dissipation resistance 

V, V(t) = voltage of power supply 

L, L(t), Lmagnet = inductance 

i = current through circuit 

F, Fm.~h, Fyriotio., Fm.g = Force on a body, mechanical force, friction force, magnetic force 

m 

X, Xp 

t 

U 

~t/0 

N 

Ag 

= mass of a latch system 

= displacement of a latch magnet, preloaded distance 

= time 

= viscous damping coefficient 

= spring coefficient 

= potential energy 

= permeability of free space 

= number of turns in a coil 

= cross sectional area of a magnet 

= thickness of nonmagnetic material 
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