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1. INTRODUCTION 

 
The Control Rod Drive Mechanism in nuclear power plants 

is the equipment to withdraw or insert the control rods that 
regulate the nuclear reactivity in the reactor. A group of 
CRDM are usually controlled by a Control Rod Control 
System (CRCS). Magnetic-jack-type CRDMs are typically 
classified into two types, 3-coil and 4-coil, according to the 
number of coils they have. 

The 3-coil type CRDM has a stationary gripper coil, a 
movable gripper coil, and a lift coil. CRCS can operate the 
CRDM by supplying currents, which have predetermined 
profiles, to the three coils [3,4]. CRCS is generally composed 
of two main units. One is Main Control Unit (MCU) which 
interprets a movement command from higher-level systems 
(e.g., Reactor Regulating System), and downloads the control 
signals to lower-level systems (e.g., Power Controller) 
according to a selected operation mode. The other is Power 
Control And Monitoring Unit (PCAMU) which converts 
3-phase AC input into sequenced DC current pulses on 
demands from the MCU. The CRDM test apparatus proposed 
in this paper adopts a Programmable Logic Controller (PLC) 
as MCU and VME-based Controllers as PCAMU. By 
developing this test apparatus for CRDM, we try to improve 
the performance of CRDM and derive some useful 
information for the design of the power controller of CRCS.  

This test apparatus can input the firing angles directly into 
thyristor gate-drive circuits, and this method helps us derive 
the maximum and minimum values of firing angles within 
available limits for a 3-phase half-wave converter. Through 
the investigation of step-response characteristics, we can 
easily design the current controller. It gives the information of 
the range of control gains which enables a stable movement of 
CRDM such as insertion or withdrawal of rod at high speed, 
mid speed, and low speed. Also, test apparatus has a test mode 
of dividing one-step insertion or withdrawal of rod into 7 or 8 
phases. Using this test mode we can judge whether CRDM 
performs the activities correctly in each phase of one-step 
movement.  

Using the test apparatus, we can easily find the proper 
response time of the three coils for current commands, the 
suitability of the elasticity coefficient of return spring inside 

CRDM, and the current range in each coil to guarantee the 
normal operation of CRDM in maximum speed with full load. 

Test apparatus has the function of a fault detection of 
thyristors used in a 3-phase half-wave rectifier. Because the 
fault of power amplifier makes an urgent state like a rod drop, 
it is necessary to detect the faults of power amplifier and 
inform operators of the fault state. Utilizing Discrete Fourier 
Transform (DFT), we can design a fault detector of power 
amplifier and adapt it to the apparatus. 
 

2. TEST APPARATUS FOR CRDM  
 
2.1 Composition of Test Apparatus  
 

 
Fig. 1 Composition of Test Apparatus. 

 
On the right side of figure 1, we can see the CRDM 

mock-up to verify the various functions of test apparatus. This 
CRDM mock-up will insert or withdraw a control rod 
connected to the drive shaft by flowing the currents to the 
stationary gripper coil, the movable gripper coil, and the lift 
coil in a predetermined order. The length of one-step of 
CRDM mock-up is 16[mm] and the drive shaft will move 
1.6[[mm] at the time when the stationary gripper latches the 
drive rod by flowing the 8[A] current to the stationary gripper 
coil. The total number of movable step is 30 steps [1].  

Considering the weight of a rod with load used in 
commercial nuclear power plants, 130kg load which consists 
of six 20[kg] units and one 10[kg] is attached to the drive shaft 
of a CRDM. The electrical characteristics of the coils in 
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CRDM mock-up are shown in table 1. 
Table 1. Electrical characteristics of CRDM 

 
As shown in figure 1, test apparatus uses a PLC as MCU 
(Logic Controller) and VME-based controllers as PCAMU 
(Power Controller). Two VME-based controllers are included 
in a PCAMU which can operate two control rods 
simultaneously. 

The command signals from MCU pass through Digital 
Input Terminal Board (DITB) and input to VME Bus based 
Digital Input Board. These input signals are direction signal 
pulses (Up/Down), Go pulse and Reset command. The 
VME-based controller of the power controller generates 
control voltages enabling the control rods to move in 
accordance with the command from MCU, and this control 
voltage is converted into the firing angle of thyristor to flow 
the coil currents.  

The Power Controller sends the motion complete signal to 
the Logic Controller through the Digital Output Terminal 
Board (DOTB) on completing the movement command from 
the Logic Controller. Another signal sent from the Power 
Controller to the Logic Controller is the Urgent/Non-Urgent 
alarm signal. 

The power converter module in PCAMU has a 3-phase 
half-wave rectifier. HCT and HPT are used to control the 
current by feedback and to detect the faults in the thyristors. 
The interface between VME board and the external signals is 
accomplished by using the signal processing boards containing 
the Digital Input/Output Terminal Board (DITB/DOTB), 
Analog Input Terminal Board (AITB) and Timer Counter 
Terminal Board (TCTB). 

 
2.2 Various Functions of Test Apparatus   

In figure 1, instead of using the coils, we connect only a 
1[KΩ] resistor and input directly the firing angles. This test 
mode can help to find the point of the firing angles to 
maximum positive voltage. By analyzing the response 
characteristics to step-command in each coil, we can adjust the 
gains for PI current controller easily. Generally, a step 
movement of control rod can be made through 6 or 7 activities 
of CRDM in sequence. There is each current command related 
to each activity. Making the 6 or 7 sequential current 
commands for one step movement divided into the discrete 
command lets us grasp easily the characteristics of the CRDM 
operation in each phase. There are various factors to complete 
one step movement of control rod, which are mechanical sides 
like the spatial precisions between the armatures and poles and 
of the initial position of drive shaft and the suitability of the 
return spring elasticity coefficient and electrical sides like the 
coil response characteristics to current command and the 
current level to guarantee the stable movement of armatures. 

Also, test apparatus has the function of fault detection of 
thyristors used in a 3-phase half-wave rectifier. The fault 
detection of  thyristors can be made in two modes. One is in 
the hold mode, and the other is in the in-motion mode. 
Discrete Fourier Transform (DFT) algorithm can be utilized 
for fault detection in the hold mode, and the method of 
comparing the peak-to-peak of coil voltage with the 

predetermined threshold value can be used in the in-motion 
mode, too. 
 
2.3 Experimental Results in Test Apparatus   
2.3.1 Test of inserting the firing angles  

Figure 2 shows an example of determining the usable range 
of firing angle by inserting the firing angle directly in case of 
using only the 1[KΩ] resistor instead of the lift coil. The upper 
signal and the lower signal mean the current waveform and the 
voltage waveform from the both ends of the resistance, 
respectively. The firing angle of 90 degree related to the zero 
current and the maximum firing angle connected with the 
maximum negative forcing can be found by using the coil 
loads. These firing angles are converted to the down-counter 
input value. In case of maximum firing angle, the shortest 
falling time can be acquired , and by the duration of falling 
time the step movement can be made successfully or not in the 
maximum speed. Through this method, we can establish the 
usable range of firing angles to enable the stable operation of 
CRDM. 

 

 
Fig. 2 voltage and current waveforms of inputting the firing 

angle directly 
 

2.3.2  Step response test 
 
Figure 3 shows the step response to current command of the 

step-up in the lift coil. Figure 4 is in the case of the step-down. 
In two figures, the first signal is the lift coil current, the 
second is the movable gripper coil current, and the last signal 
is the lift coil current command. Figure 3 shows the case of 
one step-up. Under the state of the drive shaft latched by the 
movable gripper, the magnetic force made by the excited lift 
coil enables the lift armature to move to the lift pole and the 
gap between pole and armature lessons to zero. Figure 4 
shows the case of step-down. Through the test of step-up or 
step-down, it can be known that the duration of rising or 
falling time depends on the gains of PI controller and the limit 
of firing angle for protection of thyristors. By inserting each 
current command to each coil, we can perform discretely the 
withdrawal or insertion operations step by step. This method  
makes us grasp easily the mechanical and electrical 
characteristics occurred to at each stage. 

 
2.3.3  Normal operation test 

 
Figure 5 shows the current waveforms in case of one step- 

up under the normal operating condition and figure 6 shows 
the case of one step-down, too. In two figures, the lift coil 
current, the movable gripper coil current and the stationary 

Inductance (mH)  Resistance 
(Ohm) Open Close 

Stationary Gripper Coil 9.4 137 183 
Movable Gripper coil 8.5 104 120 

Lift Coil 1.3 45 60 
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gripper coil current are shown from above. One-step 
movement of control rod is accomplished during the fixed 
period of 780[msec] and composed of 6 or 7 activities by the 
predetermined ordered currents in 3 coils. 

 

 
Fig. 3 Step response to current command in the lift coil. 

(Step-Up) 
 

 
Fig. 4 Step response to current command in the lift coil. 

(Step-Down) 
 

 
Fig. 5 Current signals of each coil and current command for 

the stationary gripper coil (withdrawal) 
 

 
Fig. 6 Current signals of each coil and the current command 

for the stationary gripper coil (insertion) 

2.4 Fault Detection in Thyristors  
In the case of using PI controller for regulating the currents 

of the coils in CRDM, the abnormal operation of the phase 
missing and the action like diode can also make the current 
flow to the command level. However, the characteristics of the 
transient state under the abnormal condition are inferior to the 
normal condition and the smoothing movement of control rod 
cannot be made. It is difficult to detect these faults of 
thyristors with only coil currents, and then we get to use the 
coil voltage for detecting the thyristor faults.  

In figure 7, the current order, the coil voltage, the control 
signal and the FFT result from the coil voltage can be shown 
from above. This figure shows the states of the stationary 
gripper coil which operates the stationary grippers. As shown 
in figure 7, the FFT result for the coil voltage shows the 
maximum power spectrum at 180 Hz.  

The ripple frequency of the coil voltage from a 3-phase half 
wave converter is three times as many as the frequency of the 
AC power supply. Therefore, if the power with 60[Hz] is 
supplied, the ripple frequency of the coil voltage is about 180 
Hz. The dominant power spectrum in this frequency means 
that thyristors for the stationary gripper coil operate under the 
normal state.  

 
Fig. 7    The results of the normal condition 

 
If one phase of three phases in 3-phase half wave converter 

is not fired, the waveforms in that case are shown in figure 8. 
This is the phase missing error which can cause the accident of 
the rod drop. The FFT result for the coil voltage gives the 
maximum power spectrum at 60[Hz], thus we can find out the 
occurrence of a fault in the thyristors.  

 
Fig. 8    Results of missing phase failure 
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The fault of action like diode can exert a harmful influence 
on the characteristics of the current control and damage the 
stationary gripper coil. The FFT result for the coil voltage in 
figure 9 shows the maximum power spectrum at 60 Hz. This 
power spectrum at 60Hz represents an abnormal state in 3 
phase half wave rectifier. The previous method of detecting 
thyristor fault judges the fault occurrence by the peak voltage 
of coil exceeding the predetermined threshold level in rod 
under motion. But this technique has the severe shortcut of the 
inability to detect a fault for the coils during the hold mode. 
The fault in the thyristors for the stationary gripper during the 
hold mode can result in the drop of control rod.  

For detecting the faults of the thyristors over all the time, 
fault detection mode is classified into the rod insertion, the rod 
withdrawal, and the hold mode. When the control rods are 
moving, we detects the faults by comparing the magnitudes of 
the voltage ripples of coils. Also, at the hold mode we catch 
the fault occurrence due to FFT algorithm for the voltage 
signals of 3 coils. The fault detection method in the hold mode 
can be confirmed in figure 8 and 9.  

 

 
Fig. 9 The results of the fault of action like diode 

 
While the control rods are moving, we must know the 

change of the current command level. Figure 10 and 11 show 
the examples of fault detection in the in-motion mode. From 
above in two figures, 3 signals represent current command, 
coil voltage and control signal, respectively. As shown in 
figure 10 when the command level rises from Low to High, 
the phase missing fault is investigated. As shown in figure 11, 
if the command level goes down from High to Low, we will 
find out the fault of action like diode. The duration of 
detecting the fault at the command change is 16.7[msec] and 
after that duration, the detection mode changes to the hold 
mode. When the command level changes, the ripple amplitude 
of the voltage signal in fault occurrence is bigger than in the 
normal state. Detecting the unusually exceeding value over the 
predetermined threshold ripple amplitude, we can judge this 
situation to be the fault condition. 

 
3.  CONCLUSIONS 

 
By using the CRDM test apparatus proposed in this paper, 

we could easily derive the stable range of the firing angles. 
Also, the function of inserting each current command to 

each coil separately enables us to easily adjust the gains of the 
current controller. The proposed test apparatus has a test mode 
dividing one-step movement into several phases and providing 
us with the response characteristics of CRDM required at each 
phase. The thyristor faults which result in the unexpected 
CRDM operation can be detected by the newly proposed 

method. The previous method, which detects faults only at the 
time of command change, can be improved by providing the 
ability to detect the faults all the time. In the rod movement  
mode, the proposed detector checks the magnitude of the 
voltage ripple, and in the hold mode it utilizes the FFT 
algorithm. It is assured that the newly proposed method is 
more reliable than the previous method, and it can be easily 
applicable to the real field. 
 

 
Fig. 10 Maximum positive forcing in the Stationary Gripper 

Coil 

 
Fig. 11 Maximum negative forcing in the Stationary Gripper 

Coil 
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