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1. Introduction 

As the Army moves towards the development and fielding of a variety of guided munitions, there 
is a recurring requirement for various actuation mechanisms that can provide the guidance 
authority.  This report documents the design and testing of an electromechanical actuator 
concept.  The basic concept and function are described without reference to any particular 
weapon program. 

2. Actuator Design Requirements 

2.1 Initial Design Specifications 

Initial actuator requirements can be summarized as follows: 

• 55,000 g launch acceleration 

• Actuation over ¼ turn of a 30 Hz roll rate (8 ms actuation time) 

• A maximum of 12 actuations during the flight 

• The actuator had to fit within a nominal 25 mm diameter by 50 mm long fin hub 

2.2 Additional Performance Requirements 

After the feasibility of the design concept was established, it was decided to check into the 
possibility of using a similar concept on a projectile that would have a longer flight time and 
require additional actuations (up to 400 actuations). 

3. Design Concept 

3.1 Actuator Design Concept 

The basic design concept was to keep things small and simple, with a minimum number of 
moving parts.  Small parts would have less inertia, which served two purposes: 1) less inertia 
means short actuation times can be achieved with minimal force; and 2) lower mass means lower 
forces as a result of launch acceleration. 
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The basic design concept is shown in figure 1.  A tubular solenoid is used to retract an angled 
sliding block.  The angled face of the block pushes on a spring steel tab.  A portion of the tab 
extends into the air flow, generating shock waves that impinge on the fins and cause a deflective 
force due to the pressure difference across the fins.   

Pin Retracted
(Not Actuated)

Pin Extended
(Actuated)

Solenoid
Spring Tab

End View
(Actuated)

Spring Tabs

 
Figure 1.  Actuator design concept. 

3.2 Solenoid 

Figure 2 shows the tubular solenoid selected for this application was the series S-69-38, which 
was manufactured by Magnetic Sensor Systems of Van Nuys, CA (www.solenoidcity.com).  The 
solenoid with a coil wire size of 33 AWG was selected, resulting in a nominal coil resistance of 
5.9 Ω.  Magnetic Sensor Systems was chosen because they had small solenoids that were readily 
available and easy to purchase through their Web site. 

Figure 2.  Tubular solenoid. 
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4. Testing and Evaluation 

4.1 Shock Testing 

The first parameter evaluated was whether the selected solenoid would be able to withstand the 
required shock loading that it would experience during launch.  A test fixture was designed and 
fabricated to hold the solenoid in the launch orientation.  An aluminum block was attached to the 
plunger to simulate the slider block mass.  The assembly was tested on the U.S. Army Research 
Laboratory (ARL), Advanced Munitions Concepts Branch (AMCB) shock table at increasing 
peak accelerations, up to the upper limit of the shock table (36,000 g’s).  There was no visible or 
measurable effect on the solenoid.  The electrical resistance of the coil had not changed, and it 
still functioned normally after shock testing. 
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4.2 Performance Parameters 

Figure 3 is a chart showing solenoid retraction force vs. displacement.  The different curves 
represent varying levels of ampere turns (AT), and the duty cycle that each of the levels can 
maintain is listed as a percentage.  It is readily apparent that as the duty cycle is decreased (and 
the power is increased), the pull force increases dramatically. 

Figure 3.  Solenoid pull force vs. stroke. 

In the initial application, the solenoid only needed to retract a limited number times during its 
lifespan; making it difficult to translate this operating condition to an equivalent duty cycle.  
Because it was unknown how much current the solenoid could handle before it became damaged, 
it became necessary to explore the operating regime outside of the range of data provided by the 
manufacturer.  We needed to know how much the solenoid could be electrically overloaded and 
what the response would be. 
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4.3 Actuator Performance Measurements 

A test fixture was designed and fabricated to quantify the actuator performance parameters.  The 
fixture was designed to closely replicate the expected operating configuration, while allowing 
adjustments to the parameters of interest.  The test fixture is shown in figure 4.   

Side view of actuator mechanism

TEFLON 
SLIDER 
BLOCK 

DISPLACEMENT 
TRANSDUCER 

SOLENOID 

MOTION 
SPRING 
TABS 

Figure 4.  Actuator mechanism test fixture. 

The solenoid was mounted to actuate two spring tabs, as it would in the actual application; 
although in the actual configuration, the tabs would be next to each other.  A displacement 
transducer measured the spring deflection.  Three different spring thicknesses were tested: 
0.015 in. (0.38 mm), 0.020 in. (0.51 mm), and 0.028 in. (0.71 mm), which allowed for measuring 
the effects of varying spring stiffness.   

An adjustable power supply was used to energize the solenoid with short duration pulses.  The 
pulse width and magnitude were varied during the tests.   
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4.3.1 Single Pulse Test Results 

The first series of tests involved sending a single pulse to the solenoid.  These tests were used to 
quantify the effects of voltage and spring stiffness on the response time and magnitude.  Figure 5 
shows sample data from one of the tests.  

Input Voltage Displacement Current
Rise Delay (ms) : 0 Rise Delay (ms) : 2.946 Rise Delay (ms) : 0.448
Rise Time (ms) : 0.616 Rise Time (ms) : 1.467 Rise Time (ms) : 0.75

Dwell Time (ms) : 5.287 Dwell Time (ms) : 8.613 Dwell Time (ms) : 5.029
Fall Time (ms) : 0.593 Fall Time (ms) : 2.229 Fall Time (ms) : 0.706

Peak Voltage (volts): 29.209 Peak Displacement (mm) : 4.044 Peak Current (amps) : 5.237

Actuator Timing Test
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Figure 5.  Sample result from a single pulse actuation test. 

For this test, rise time was defined as the time required to get from 20% to 80% of the peak 
value; dwell time was the time the signal remained above 80%; and fall time was the time to fall 
from 80% to 20% of the peak value. 

Key findings from the single pulse actuation tests were as follows: 

1.  The solenoid could not be burned out by a single short duration pulse within the limits of 
the power supply.  (The rated power for a 10% duty cycle was 20 W.  During testing, 
250 W pulses were applied with no detrimental effects.) 

2.  The solenoid/spring-tab assembly provided adequate response time to meet the 8 ms 
actuation time requirement.  
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3.  There was a delay of several ms between the time power was applied and the solenoid 
responded.  This is not expected to be a problem, because this lag time can be accounted 
for in the guidance algorithm. 

The data was further analyzed to determine the operating parameters and optimum configuration. 

4.3.2 Single Pulse Test Data Analysis 

Figure 6 shows peak displacement vs. voltage for the three different spring thicknesses.  The 
basic trend is that as spring thickness and stiffness increase, more voltage is needed in the 
solenoid to overcome the spring force.  For the thickest spring, it was not possible to reach peak 
displacement within the voltage limits of the test setup.  In this setup, the difference in peak 
displacement between the thinner two springs is believed to be from calibration variability.   

Peak Displacement vs. Voltage
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Figure 6.  Peak displacement vs. voltage. 
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Figure 7 is a graph of rise time vs. voltage.  This graph only includes data from the tests that 
reached peak displacement as shown in figure 6.  The trend indicates that as voltage and solenoid 
force is increased, the time to reach peak displacement decreases. 
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Figure 7.  Rise time vs. voltage. 
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Figure 8 shows fall time vs. voltage.  As can be expected, the fall time is independent of voltage, 
but is determined solely by the spring force. 

Fall Time vs. Voltage
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Figure 8.  Fall time vs. voltage. 
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Figure 9 is a combination of figures 7 and 8, showing both rise and fall times.  The circles on the 
chart highlight regions where rise and fall times are approximately equal.  These regions were 
arbitrarily chosen for further in-depth investigation.  For the 0.015 in. thick spring, a 20 V pulse 
provided a rise and fall time of approximately 2.4 ms, and for the 0.020 in. spring, a 30 V 
provided a 1.7 ms rise and fall. 

 

Rise and Fall Time vs. Voltage

5 

 
Figure 9.  Combined rise and fall time measurements. 
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The effect of a single pulse of 20 V peak amplitude applied to the 0.015 in. thick spring is shown 
in figure 10.  For this configuration, the graph illustrates the approximate 6 ms elapse from the 
time voltage is first applied until peak displacement is reached.  In addition, the amount of time 
the spring tab is extended to at least half of its maximum displacement is also approximately 
6 ms.  Using this value as the minimum actuation time and assuming actuation must occur over 
¼ of a turn, the minimum time required for the projectile to make one rotation is 24 ms.  This 
translates to a maximum roll rate of 42 Hz, which is greater than the initial 30 Hz requirement. 

A corresponding estimate for the 0.020 in. spring with a 30 V pulse, based on the differences in 
rise and fall times from the 0.015 in. spring, is a maximum 54 Hz roll rate.  

Actuator Cycle Test
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Figure 10.  Single 20 V, 6 ms pulse, 0.015 in. spring. 
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4.3.3 Multiple Pulse Test Results 

A string of 10 consecutive pulses is shown in figure 11.  The pulses were generated at a 
frequency of 60 Hz.  (This test was performed before the maximum roll rate had been 
calculated.)  The test results demonstrate that the actuator is capable of multiple rapid actuations.   
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Figure 11.  Series of ten 20 V, 6 ms pulses, 0.015 in. spring. 
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The next step was to evaluate how well the mechanism worked when a large number of 
actuations were required.  Figure 12 shows performance when 20 V, 6 ms pulses were applied at 
a frequency of 60 Hz for 15 s (900 actuations).  The figure shows peak displacement starts to 
decrease as more cycles are run.  A closer examination of the data shows performance starts to 
degrade after about 20 cycles. 

Actuator Cycle Test
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Figure 12.  Stress test of multiple 20 V, 6 ms pulses, 0.015 in. spring. 

4.3.4 Multiple Pulse Test Data Analysis 

Performance degradation is suspected to be due to overheating of the solenoid.  The 
manufacturer’s specification for this solenoid is 2 W at 100% duty cycle or 8 W at a 25% duty 
cycle.  In the current application, the actuator would be activated for ¼ turn, which would 
correspond to a 25% duty cycle.   

The solenoid coil has an internal resistance of 6 Ω.  At 20 V, the current is 3.33 A (I = V/R = 
20 V/6 Ω).  The power being dissipated by the solenoid is 67 W (P = V × I = 20 V × 3.33 A).  
Because the solenoid is being operated at over eight times its rated power, overheating could be 
expected.   

The expected performance was also calculated for the 30 V pulse with the 0.020 in. thick spring.  
Since the performance at 20 V degraded after approximately 20 pulses of 6 ms duration, the total 
energy input can be calculated as 8 J (E = P × t = 67 W × (20 × 0.006 s)).  For 30 V, the power 
input would be 150 W.  Since the pulse duration is estimated to be 4.6 ms, it can be expected that 
performance would degrade after 12 cycles, which would provide a total energy input of 8 J.   
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It should be noted that these preliminary tests were of the proof-of-principle variety, and that it 
may very well be possible to improve on the performance of the actuator concept by changing 
some of the parameters (e.g., solenoid coil size). 

Conclusion 

A concept for an electromechanical actuator for projectile guidance has been developed.  The 
actuator concept utilizes a tubular solenoid to activate spring tabs, which in turn generates a 
diversion force due to interaction of shock waves with the projectile fins.  

Preliminary testing of the design concept was performed, and the expected performance 
parameters were determined.  The preliminary results indicate that this actuator design would be 
suitable for projectiles with short flight times and/or limited numbers of required actuations. 
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2 HC CDR NAVAL SURF WARFARE CTR 
  ATTN G33 J FRAYSSE 
  T TSCHIRN  
  17320 DAHLGREN ROAD 
  DAHLGREN VA 22448-5100 
 
2 HC CDR NAVAL SURF WARFARE CTR 
  ATTN   G32 ELLIS 
  M BOTTASS  
  17320 DAHLGREN ROAD 
  DAHLGREN VA 22448-5100 
 
8 HC CDR NAVAL SURF WARFARE CTR 
  ATTN  M TILL  G70   
  H WENDT  G34 
  S CHAPPELL  G34 
  H MALIN  G34 
  M HAMILTON  G34 
  MENGEL  G34 
  J LEONARD  G34 
  W WORRELL  G34 
  17320 DAHLGREN ROAD 
  DAHLGREN VA 22448-5100 
 
5 HC CDR NAVAL SURF WARFARE CTR 
  ATTN G61 E LARACH 
  G61 M KELLY   
  G61 A EVANS 
  G22 R GAMACHE 
  17320 DAHLGREN ROAD 
  DAHLGREN VA 22448-5100 

No of 
Copies Organization 
 
1 HC CDR NAWC WEAPONS DIV 
  ATTN CODE 543200E G BORGEN   
  BLDG 311 
  POINT MUGU CA  93042-5000 
 
1 HC ALLIANT TECHSYSTEMS 
  ATTN B LINDBLOOM  
  PO BOX 4648 
 CLEARWATER FL 33758-4648 
 
1 HC ATK ADVANCED WEAPONS DIV 
  R H DOHRN 
  MN06-1000 
  5050 LINCOLN DR 
  EDINA MN 55436 
 
1 HC ATK ORDNANCE SYS 
  B BECKER 
  MN07 MW44 
  505 LINCOLN DR 
  EDINA MN 55436 
 
3 HC ARROW TECH ASSOC 
  W HATHAWAY 
  J WHYTE 
    MARK STEINOFF 
  1233 SHELBURNE RD STE D8 
  SOUTH BURLINGTON VT 05403 
 
1 HC BAE SYSTEMS 
  CODE 170/R. BURETTA 
  4800 EAST RIVER ROAD 
  MINNEAPOLIS MN 55421 
 
3 HC GOODRICH ACTUATION 
  SYSTEMS 
  T KELLY 
  P FRANZ 
  J CHRISTIANA 
  100 PANTON ROAD 
  VERGENNES VT 05491 
 
3 HC GTRI 
  A LOVAS 
  J MCMICHAEL 
  K MASSEY 
  7720 RICHARDSON ROAD 
  SMYRNA GA 30080 
 

17 



 

18 

No of 
Copies Organization 
 
3 HC SAIC 
  ATTN J GLISH 
  J NORTHRUP 
  G WILLENBRING 
  8500 NORMANDALE LAKE BLVD 
  SUITE 1610 
  BLOOMINGTON MN 55437-3828 
  
 
1 HC GEORGIA INST TECH 
  DEPT AEROSPACE ENGR 
  M COSTELLO 
  270 FERST STREET 
  ATLANTA GA 30332 
 
2 HC JOHNS HOPKINS UNIV 
  APPLIED PHYSICS LABORATORY 
  ATTN W D’AMICO    K FOWLER 
  1110 JOHNS HOPKINS RD 
  LAUREL MD 20723-6099 
 
1 HC UNIVERSITY OF TEXAS AT 
  ARLINGTON 
  MECHANICAL AND AEROSPACE 
  ENGINEERING DEPT 
  J C DUTTON 
  BOX 19018 
  500 W FIRST ST 
  ARLINGTON TX 76019-001 
 
4 HC CDR US ARMY TACOM ARDEC 
  ATTN AMSRD AAR AEM I 
               J STEINER 
               D J DURKIN 
               R MONTENEGRO 
  BLDG 65-N   
  PICATINNY ARSENAL NJ 07806-5000 
 
1 HC CDR US ARMY  
  YUMA PROVING GROUND 
  ATTN CSTE DTC YP MT EW   
  A ANAYA 
              YPG AZ 85365-9498 
 
1 HC CDR OFC OF NAVAL RSCH 

ATTN CODE 333  
P MORRISSON 

  800 N QUINCY ST RM 507 
  ARLINGTON VA  22217-5660 

No of 
Copies Organization 
 
34 HC DIR USARL 
  AMSRD ARL WM B 
  M ZOLTOSKI 
  AMSRD ARL WM BC 
  J NEWILL 
  I CELMINS (3 COPIES) 
  P PLOSTINS 
  J SAHU 
  M BUNDY 
  M CHEN 
  G COOPER 
  J DESPIRITO 
  F FRESCONI 
  J GARNER 
  B GUIDOS 
  K HEAVEY 
  B HOWELL 
  X HUANG 
  S SILTON 
  D WEBB 
  P WEINACHT 
  AMSRD ARL WM BA 
  D LYON  
  J CONDON 
  B DAVIS 
  T HARKINS 
  D HEPNER 
  G KATULKA 
  P MULLER 
  P PEREGINO 
  A THOMPSON 
  T BROWN 
  B PATTON 
  AMSRD ARL WM BF 
  S WILKERSON 
  AMSRD ARL VT UV 
  M CHILDERS 
  J SHUMAKER 
  APG MD 21005-5068 
 
1 HC CDR  NAVAL SURF WARFARE CTR 
  ATTN  T12 J CUNNINGHAM 
  BLDG 1200 RMD211 
  17320 DAHLGREN ROAD 
  DAHLGREN VA 22448-5100 
 
 
 
TOTAL:  142 (1 Electronic and 141 HCs) 
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