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ABSTRACT 

 
Due to the massive size of modern day wind turbines, the stability of their support towers is critical. This project 
examines structural forces present in a four-sided truss tower modeled as a support system for a wind turbine. Case I 
examined only forces due to the weight of the nacelle and rotor, while Case II also incorporated lateral wind force. All 
forces were idealized as concentrated forces and theoretic analysis was completed using static equilibrium concepts and 
truss/frame analysis techniques. A PASCO Structure kit was used to construct a model and validate theoretical findings. 
Weights were applied to the model and the resulting axial forces were measured using load cells. Experimental data 
concurred with the theoretical analysis within the measured uncertainty, indicating the tower was accurately analyzed as 
a frame/truss structure. Case I found support forces were isolated to only the vertical members while Case II showed 
significant axial forces on both vertical and diagonal members local to the applied wind force. Findings indicate that 
several considerations should be taken into account when designing such support systems, including tower geometry, 
length of structural members, nacelle orientation, and environmental conditions. Future analysis should incorporate 
tower dynamics and material properties. 
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Truss Tower Analysis: Static Analysis of a Truss Tower used to Support a Wind Turbine 
 
 

Wind turbines consist of massive components and 
experience extreme weather conditions and forces due 
to wind. If the structure supporting the turbine were to 
be constructed without fully analyzing the possible 
forces acting on it, the outcome could be failure of the 
tower and damage to the equipment it supports. Wind 
turbines are highly intelligible systems, containing 
technology and mechanisms that are quite costly. 
Damage caused from a breakdown or misalignment of 
the most basic component (the tower) could affect the 
function of all components of the system. The result 
would be complicated and expensive at the very least. 
The first step in erecting a wind turbine is, therefore, 
careful consideration of the tower itself.  

A typical wind turbine system consists of certain 
basic components. There are the blades and rotor cap, 
which make up the rotor assembly (referred to as the 
rotor henceforth). These components capture energy 
from the wind and convert it into rotation motion (i.e., 
torque). This rotational motion is directed to the 
turbine generator, which converts mechanical energy 
into electrical energy via electromagnetic induction. In 
larger turbines, 50kW or above, a gearbox is sometimes 
used between the rotor shaft and generator. The 
gearbox converts the typically modest RPM of the rotor 
to a higher RPM desirable for the production of 
electricity. The gearbox and generator are housed in a 
structure called a nacelle, which sits atop the tower. In 
addition to the mechanical features of a wind turbine, 
there is also an electrical controller, such as a converter 
or inverter that acts to couple the power produced by 
the generator with the electrical grid the turbine is 
connected to. Most larger, modern wind turbines utilize 
a monopole style tower; however, lattice-style towers 
are still widely used because of their cost effectiveness 
and ease of construction.  

 
Method 

This project examined a four-sided lattice tower 
structure that could potentially support a wind turbine. 
The tower was modeled as a truss tower. The support 
forces of several members (wood pieces that make up 

the frame) were examined in order to get a better 
understanding of the distribution of forces. The 
members experiencing the greatest force due to static 
weight or constant wind loading were considered. Case 
I examined only forces due to the weight of the nacelle 
and rotor, while Case II also incorporated a horizontal 
force due to wind. Joint reactions to stress were 
evaluated using static equilibrium concepts and frame 
and truss analyses. 

Based on published information, the nacelle is 
approximately 1.5 times the weight of the rotor and is 
positioned with the center of mass along the central axis 
of the tower.  Weight components in both cases were 
idealized as a ratio of two forces acting on two separate 
joints (A and B; see Figure 3.2). This ratio was 3:2, with 
more weight being applied to Point B (Figure 3.2). Case 
II was analyzed with an additional force concentrated at 
Joint H (Figure 3.2), modeling the lateral force due to 
wind. All idealized points were calculated using the 
theory of equivalent force systems.  

Theoretical analysis was completed using the 
method of joints technique. Method of joints analysis 
treats each joint as a particle, with the assumption that 
if the entire truss is in equilibrium then each joint must 
also be in equilibrium. The structure was analyzed 
assuming the turbine was not in motion in order to 
keep the system in static equilibrium (zero acceleration). 
The method of joints is an effective way to analyze a 
truss structure by allowing for separate analysis on each 
joint. Analysis is completed through free body diagrams 
for each joint, employing equations of equilibrium to 
solve for unknown forces. Although this method is 
longer and more tedious than other analytical methods, 
it is a simple and effective way to solve for unknown 
forces. In order to use this method, the structure being 
analyzed must be able to be treated as a truss tower. 
Space trusses must contain only two force members, 
where forces are applied only at the joints. Member 
weight must also be negligible and the connection joints 
should be idealized as ball and socket. The structure 
used in this project fit all requirements and so was 
considered a truss tower during all analyses. 
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Experimental data were collected on a model of the 
truss tower constructed using a PASCO Structure kit 
and load cells. Weights of magnitudes 1500g and 1000g 
were applied to the model to simulate the nacelle and 
rotor, respectively. Forces were measured three-at-a-
time and load cells were then rotated for subsequent 
analyses of points throughout the model. Case II 
contained a pulley system horizontally attached to the 
tower loaded with a 9.8 N force on the other end. This 
system was used to model a lateral force due to wind.  

All experimental data concurred with theoretical 
analyses within the measured uncertainty. These 
findings indicated that the theoretical tower was 
accurately analyzed as a truss and frame system and 
accurately modeled using the structure constructed.  
Case I found support forces in only the vertical 
members, due to the downward force of the weight of 
the nacelle and rotor due to gravity. The joints located 
toward the front of the nacelle showed greater support 
reactions than members located toward the back. All 
diagonal members were zero force members. 

Case II, which incorporated a horizontal force 
idealized as a single force on a single joint, showed 
significant impact on the diagonal joints below the joint 
where the force was applied. Intuitively, it is surprising 
to see that the diagonal member extending upward (HI) 
from this joint did not share the distribution from the 
tension force (THI). The only diagonal member 
extending from this joint supporting the force was the 
diagonal member extending downward (THL). 
Theoretically this is expected using a top-down analysis 
using method of joints. Being that the top of the 
structure contained no support forces in the XZ plane, 
analysis at Joint I supports the finding that THI would 
be zero.  

METHODS: THEORETICAL ANALYSIS 
Configuration of lattice towers used as support 

structures, such as for wind turbines, are typically 
designed to be statically indeterminate. This provides an 
additional safety factor in the event of component 
failure, such that additional load paths may exist to 
support the structure and avoid total failure. However, 
in order to effectively design a truss tower that can be 
analyzed using static equilibrium techniques, such as 
method of joints or method of sections, certain 
assumptions regarding the operation of the wind 

turbine, and simplifications to the tower configuration 
are necessary.  

First, we must ensure our truss is a statically 
determinate system. By rule of thumb, if the number of 
members plus the number of reactionary forces is equal 
to the number of joints times three, the system is 
statically determine if it has full fixity. This rule is 
shown in Equation 3.1 
	    (3 .1)  

where m is the number of joints, r is the number of 
reaction forces, and j is the number of joints. The truss 
tower we designed and analyzed is modeled below in 
Figure 3.1. 

 

FIGURE 3.1:  3D MODEL OF DESIGNED TRUSS 
TOWER 

There are 35 members, 12 reaction forces due to 
four ball and socket supports, and 16 joints, which 
suggests partial fixity of the tower (fig 3.1). It is visually 
apparent that the location of partial fixity is isolated to 
the top sections of the tower, and although simply 
adding a member at some other location below this 
point may satisfy Equation 3.1, it would not address 
the potential for movement in this area. To address this 
issue we first note that the very top member, shown in 
black, was treated as a frame (a member experiencing 
force at a location other than at its joints) due to the 
location of nacelle and rotor weight force (explained 
below). This allowed for separating this member from 
the rest of the tower and analyzing it separately. With 
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this member removed, we further assumed that there is 
no applied force in the x direction, and that any 
moments created at the joints are negligible and 
therefore no movement is experienced. This 
assumption is further supported by the fact that the 
structural kit used to construct our model provided 
sufficient rigidity at joint connections to adequately 
restrain any unwanted movement in the x direction, 
keeping our analysis approach valid. Thus we removed 
the frame member as well as the two joints and the four 
joint support members (two at each joint), which 
lowered our member count to 30 and our joint count to 
14.  Thus Equation 3.1 was satisfied, and since the 
remaining structure has full fixity we concluded the 
system was statically determinate. We also concluded 
that forces acting on the tower do so only at the joints 
and that the tower consists of only two force members, 
as required for treatment of the tower as a truss. 
Furthermore, we assumed that all members are 
connected to each other with frictionless ball and 
socket joints and the weight of each member is 
negligible. To further simplify the analysis, all diagonal 
members were designed to be at ±45° as measured 
from the horizontal.  

In addition to ensuring our model was statically 
determinate, we also ensured the system was in static 
equilibrium (i.e., zero acceleration). A wind turbine is a 
machine and thus has moving parts. For our analysis we 
assumed the wind turbine was not in operation (i.e., the 
rotor is locked and not moving) and completely 
immobile. In addition to the dynamic loading that 
occurs during operation due to rotation of the rotor, a 
wind turbine and its associated support structure will 
experience wind loading. Under laminar (parallel even 
air flow) conditions, this is experienced as a distributed 
force incident on the tower and turbine that increases in 
magnitude the further you get from the ground. As we 
were limited in our ability to experimentally test the 
effects of such a distributed force and limited to truss 
analysis techniques, we analyzed two simplified loading 
cases. Case I was the weight of the rotor and nacelle 
acting in the negative z direction (Figure 3.2). Based on 
publically available information, it is approximated that 
the mass of the nacelle is 1.5 times the mass of the 
rotor, thus we chose to model the nacelle and rotor as 
1.5kg and 1kg masses respectively. Furthermore, the 
nacelle’s center of mass (COM) was located at the xy 

centroid of the tower, while the rotor’s COM was 
assumed to be some distance offset from the front face 
of the tower (distance established by measurement of 
constructed model). For Case II, we added a single 
horizontal force at one particular joint to simulate the 
effect of wind loading. Although this situation is a vast 
simplification of the effect of wind loading, it 
demonstrates the wind loading effects on member 
forces local to the applied force and provides some 
insight on how the system might behave under full 
loading conditions (when the entire truss towel is 
subjected to stress forces).   

With our assumptions and simplifications in place, 
our strategies for theoretically determining the member 
forces present throughout the tower were as follows: 

1. Sketch the model showing the forces present 
and develop a Free Body Diagram (FBD) 

2. Determine model parameters as measured 
from the experimental design model 

3. Apply method of joints technique for solving 
for unknown member forces 

a. Treat each joint as a particle and draw 
a FBD for each joint 

b. Apply static equilibrium concepts at 
each joint and write equilibrium 
equations in the x, y, and z directions 

c. Solve for unknown forces  

Due to the sheer volume of equations developed by our 
approach, MATLAB, a computational solver, was used 
to solve the set linear equations determined at each 
tower joint. 

CASE I: NACELLE AND ROTOR WEIGHT ONLY  
A model of the designed truss tower showing the 

applied forces due to the nacelle and rotor is shown in 
Figure 3.2. 
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FIGURE 3.2:  3D MODEL OF TRUSS TOWER WITH 
APPLIED FORCES (CASE I)  

The tower joints as labeled are used to identify the 
structural members of interest. Before proceeding with 
the method of joints analysis we first removed Member 
AB and translated the weight forces into an equivalent 
force system that acts only at Joint A and Joint B. This 
approach neglects the fact that Member AB could 
experience bending, which may reduce the actual forces 
experienced at Joint A and B due to internal forces. 
However, for the purpose of this analysis, we assumed 
that the internal forces of the member were negligible 
and that the systems were sufficiently equivalent. A 
step-by-step explanation of this process is shown in 
Figure 3.3. 

 

 

 

 

FIGURE 3.3:  PROCESS FOR FINDING 
EQUIVALENT FORCE SYSTEM ACTING AT JOINTS 

To determine the values of R, x, FA, and FB, we 
first determined values for the nacelle and rotor weight, 
and the distances L and D, from our constructed 
model.  These parameter values are shown in Table 3.1. 
 
TABLE 3.1:  MEASURED PARAMETERS OF MODEL 
FOR CASE I 

Parameter Measured 
Value 

Measurement 
Uncertainty  

Weight of Nacelle 14.7 N ± 0.05 N 

Weight of Rotor 9.8 N ± 0.05 N 

L   179mm ± 5mm 

D 62mm ± 5mm 

 

Free Body Diagram of Member AB 

Equivalent Force System for Member 
AB 

Equivalent Force System acting at Joint 
A and Joint B 
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Knowing that two systems of forces are equivalent if 
and only if they produce an equal sum of forces and 
moments about any point in the system, we can 
determine the resulting equivalent force, R and the 
point at which it acts, x.  
 

	  
 

(3 .2)  

	    (3 .3)  

 
	    (3 .4)  

 

	  
 

(3 .5)  

 

	  
 

(3 .6)  

 

	  
 

(3 .7)  

 
	    (3 .8)  

 
With R and x determined, we can distribute this force 
to Joint A and Joint B based on their respective 
distances from R. 
 

	    
(3 .9)  

 

	  
 

(3 .10)  

 

	    
(3 .11)  

 

	  
 

(3 .12)  

 

With the rotor and nacelle weight force concentrated at 
Joints A and B, we revised Figure 3.2 and included the 
reactionary forces at Joints M, N, O, and P. The revised 
figure is shown in Figure 3.4. 

 

FIGURE 3.4:  3D MODEL OF TRUSS TOWER WITH 
JOINT FORCES ONLY (CASE I)  

With the frame removed, we analyzed the structure as a 
truss tower. Proceeding with the Method of Joints 
technique, we treated each joint as a particle and created 
a free body diagram for the member forces acting at 
each joint as shown in Figure 3.5. 

 

 

FIGURE 3.5:  FREE BODY DIAGRAM OF FORCES 
ACTING AT EACH JOINT (CASE I)  
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To determine the unknown member forces and reaction 
forces, we applied the concept of static equilibrium and 

wrote equilibrium equations for each joint. The 
equations utilized for each joint are listed below.

 
JOINT A 

	  
 

(3 .13)  

	  
 

(3 .14)  

 
JOINT B 

	  
 

(3 .15)  

	  
 

(3 .16)  

 
JOINT C 

	  
 

(3 .17)  

	  
 

(3 .18)  

	  
 

(3 .19)  

 
JOINT D 

	  
 

(3 .20)  

 	  
 

(3 .21)  

	  
 

(3 .22)  

 
JOINT E 

	  
 

(3 .23)  

 	  
 

(3 .24)  

	  
 

(3 .25)  

 
JOINT F 

	  
 

(3 .26)  

 	  
 

(3 .27)  

	  
 

(3 .28)  
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JOINT G 

	  
 

(3 .29)  

 	  
 

(3 .30)  

	  
 

(3 .31)  

 
JOINT H 

	  
 

(3 .32)  

 	  
 

(3 .33)  

	  
 

(3 .34)  

 
JOINT I 

	  
 

(3 .35)  

 	  
 

(3 .36)  

	  
 

(3 .37)  

 
JOINT J 

	  
 

(3 .38)  

 	  
 

(3 .39)  

	  
 

(3 .40)  

 
JOINT K 

	  
 

(3 .41)  

 	  
 

(3 .42)  

	  
 

(3 .43)  

 
JOINT L 

	  
 

(3 .44)  

 	  
 

(3 .45)  

	  
 

(3 .46)  
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JOINT M 

	  
 

(3 .47)  

 	  
 

(3 .48)  

	  
 

(3 .49)  

 
JOINT N 

	  
 

(3 .50)  

 	  
 

(3 .51)  

	  
 

(3 .52)  

 
JOINT O 

	  
 

(3 .53)  

 	  
 

(3 .54)  

	  
 

(3 .55)  

 
JOINT P 

	  
 

(3 .56)  

 	  
 

(3 .57)  

	  
 

(3 .58)  

	     

With 45 equations and 45 unknowns, all the 
unknown member forces can be determined. Although 
these calculations could be done by hand, this would be 
quite tedious and time consuming. Instead, the 
equations and known values were inputted into 
MATLAB and the unknown forces solved 
computationally. A summary of the Case I analysis 
results are shown in Table 3.2 along with the 
uncertainty associated with a measurement uncertainty 
of ±5mm. 
 

TABLE 3.2:  THEORETICAL ANALYSIS RESULTS 
FOR CASE I 

Force  Calculated 
Force 
Value (N) 

Measurement 
Uncertainty 
(N) 

Theoretical 
Value (N) 

FA 3.96 ± 0.28 3.96 ± 0.28 

FB 20.54  ± 0.28 20.54 ± 0.28 
TBF  -14.53 ± 0.19 -14.53 ± 0.19 
TBE  -14.53 ± 0.19 -14.53 ± 0.19 
TAC  -2.80 ± 0.19 -2.80 ± 0.19 
TAD  -2.80 ± 0.19 -2.80 ± 0.19 
TDF 0.00 ± 0.00 0.00 ± 0.00 
TDC 1.98 ± 0.14 1.98 ± 0.14 
TDI -2.38 ± 0.16 -2.38 ± 0.16 
TCE  0.00 ± 0.00 0.00 ± 0.00 
TCI 0.00 ± 0.00 0.00 ± 0.00 
TCJ -2.38 ± 0.16 -2.38 ± 0.16 
TCG  0.00 ± 0.00 0.00 ± 0.00 
TEF 10.27 ± 0.14 10.27 ± 0.14 
TEG -12.36 ± 0.16 -12.36 ± 0.16 
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TFI  0.00 ± 0.00 0.00 ± 0.00 
TFG  0.00 ± 0.00 0.00 ± 0.00 
TFH  -12.36 ± 0.16 -12.36 ± 0.16 
TGJ 0.00 ± 0.00 0.00 ± 0.00 
TGH  0.00 ± 0.00 0.00 ± 0.00 
TGK  -12.36 ± 0.16 -12.36 ± 0.16 
TIH  0.00 ± 0.00 0.00 ± 0.00 
TIJ  0.00 ± 0.00 0.00 ± 0.00 
TIL  -2.38 ± 0.16 -2.38 ± 0.16 
TJK  0.00 ± 0.00 0.00 ± 0.00 
TJL  0.00 ± 0.00 0.00 ± 0.00 
TJO  -2.38 ± 0.16 -2.38 ± 0.16 
THL  0.00 ± 0.00 0.00 ± 0.00 
THK  0.00 ± 0.00 0.00 ± 0.00 
TMH -12.36 ± 0.16 -12.36 ± 0.16 
TKO  0.00 ± 0.00 0.00 ± 0.00 
TKM  0.00 ± 0.00 0.00 ± 0.00 
TKP -12.36 ± 0.16 -12.36 ± 0.16 
TLM  0.00 ± 0.00 0.00 ± 0.00 
TLO  0.00 ± 0.00 0.00 ± 0.00 
TLN  -2.38 ± 0.16 -2.38 ± 0.16 
Nx  0.00 ± 0.00 0.00 ± 0.00 
Ny  0.00 ± 0.00 0.00 ± 0.00 
Nz  2.38 ± 0.16 2.38 ± 0.16 
Ox  0.00 ± 0.00 0.00 ± 0.00 
Oy  0.00 ± 0.00 0.00 ± 0.00 
Oz  2.38 ± 0.16 2.38 ± 0.16 
Mx  0.00 ± 0.00 0.00 ± 0.00 
My  0.00 ± 0.00 0.00 ± 0.00 
Mz  12.36 ± 0.16 12.36 ± 0.16 
Px  0.00 ± 0.00 0.00 ± 0.00 
Py  0.00 ± 0.00 0.00 ± 0.00 
Pz  12.36 ± 0.16 12.36 ± 0.16 

 

CASE II: WIND FORCE ADDED AT JOINT H 
The system assumptions established for Case I and 

equivalent force analysis performed for Member AB 
remain valid for Case II. However, we added an 
additional horizontal applied force on the tower to 
represent lateral wind loading. The force applied was 
simulated by the gravitational weight of a 1kg mass, or 
9.8 N. The force was only applied to Joint H and acted 
in the negative x direction. The experimental setup for 
this configuration is described in Section 3. A 3D model 
of Case II is shown in Figure 3.6. 

 

FIGURE 3.6:  3D MODEL OF TRUSS TOWER WITH 
JOINT FORCES ONLY (CASE II)  

The updated free body diagram showing the forces 
acting at each joint is shown in Figure 3.7.  

 

FIGURE 3.7:  FREE BODY DIAGRAM OF FORCES 
ACTING AT EACH JOINT (CASE II)  

As seen in Figure 3.7, the equilibrium equations 
determined in Case I were still applicable for Case II, 
with the exception for Joint H. The wind force was 
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included in the sum of the forces acting in the x 
direction. The revised equilibrium equations for Joint H 
are shown below.   
 

JOINT H 
	    (3 .59)  

 	            (3 .60)  

	     

 
(3 .61)  

 

Again, MATLAB was used to solve the set of updated 
equations and determine the unknown forces. A 
summary of the Case II analysis results are shown in 
Table 3.3, along with the uncertainty associated with a 
dimension measurement uncertainty of 5mm. 

 
TABLE 3.3:  THEORETICAL ANALYSIS RESULTS 
FOR CASE II 

Force  Calculated 
Force 
Value (N) 

Measurement 
Uncertainty 
(N) 

Theoretical 
Value (N) 

FA -3.96 ± 0.28 3.96 ± 0.28 

FB -20.54  ± 0.28 20.54 ± 0.28 
TBF  -14.53  ± 0.19 -14.53 ± 0.19 
TBE  -14.53  ± 0.19 -14.53 ± 0.19 
TAC  -2.80  ± 0.19 -2.80 ± 0.19 

TAD  -2.80  ± 0.19 -2.80 ± 0.19 

TDF 0.00  ± 0.00 0.00 ± 0.00 

TDC 1.98  ± 0.14 1.98 ± 0.14 

TDI -2.38  ± 0.16 -2.38 ± 0.16 

TCE  0.00  ± 0.00 0.00 ± 0.00 

TCI 0.00  ± 0.00 0.00 ± 0.00 

TCJ -2.38  ± 0.16 -2.38 ± 0.16 

TCG  0.00  ± 0.00 0.00 ± 0.00 
TEF 10.27  ± 0.14 10.27 ± 0.14 
TEG -12.36  ± 0.16 -12.36 ± 0.16 

TFI  0.00  ± 0.00 0.00 ± 0.00 
TFG  0.00  ± 0.00 0.00 ± 0.00 
TFH  -12.36  ± 0.16 -12.36 ± 0.16 
TGJ 0.00  ± 0.00 0.00 ± 0.00 
TGH  0.00  ± 0.00 0.00 ± 0.00 
TGK  -12.36  ± 0.16 -12.36 ± 0.16 
TIH  0.00  ± 0.00 0.00 ± 0.00 
TIJ  0.00  ± 0.00 0.00 ± 0.00 

TIL  -2.38  ± 0.16 -2.38 ± 0.16 

TJK  0.00  ± 0.00 0.00 ± 0.00 
TJL  0.00  ± 0.00 0.00 ± 0.00 

TJO  -2.38  ± 0.16 -2.38 ± 0.16 

THL  -13.86  ± 27.72 -13.86 ± 27.72 

THK  0.00  ± 0.00 0.00 ± 0.00 

TMH -2.56  ± 19.76 -2.56 ± 19.76 

TKO  0.00  ± 0.00 0.00 ± 0.00 

TKM  0.00  ± 0.00 0.00 ± 0.00 

TKP -12.36  ± 0.16 -12.36 ± 0.16 

TLM  13.86  ± 27.72 13.86 ± 27.72 

TLO  0.00  ± 0.00 0.00 ± 0.00 

TLN  -21.98  ± 39.36 -21.98 ± 39.36 

Nx  0.00  ± 0.00 0.00 ± 0.00 
Ny  0.00  ± 0.00 0.00 ± 0.00 
Nz  21.98  ± 39.36 21.98 ± 39.36 
Ox  0.00  ± 0.00 0.00 ± 0.00 
Oy  0.00  ± 0.00 0.00 ± 0.00 
Oz  2.38  ± 0.16 2.38 ± 0.16 
Mx  9.80  ± 19.60 9.80 ± 19.60 
My  0.00  ± 0.00 0.00 ± 0.00 
Mz  -7.24  ± 39.36 -7.24 ± 39.36 
Px  0.00  ± 0.00 0.00 ± 0.00 
Py  0.00  ± 0.00 0.00 ± 0.00 
Pz  12.36  ± 0.16 12.36 ± 0.16 

 

SUMMARY 
A summary of the force values found in Case I and 

Case II can be found in Table 3.4. 
 

TABLE 3.4:  SUMMARIZATION OF THEORETICAL 
VALUES 

Force  Case I (N) Case II (N) Change in 
Value (N) 

FA 3.96 ± 0.28 3.96 ± 0.28 - 
FB 20.54 ± 0.28 20.54 ± 0.28 - 
TBF  -14.53 ± 0.19 -14.53 ± 0.19 - 

TBE  -14.53 ± 0.19 -14.53 ± 0.19 - 

TAC  -2.80 ± 0.19 -2.80 ± 0.19 - 

TAD  -2.80 ± 0.19 -2.80 ± 0.19 - 
TDF 0.00 ± 0.00 0.00 ± 0.00 - 
TDC 1.98 ± 0.14 1.98 ± 0.14 - 
TDI -2.38 ± 0.16 -2.38 ± 0.16 - 
TCE  0.00 ± 0.00 0.00 ± 0.00 - 
TCI 0.00 ± 0.00 0.00 ± 0.00 - 
TCJ -2.38 ± 0.16 -2.38 ± 0.16 - 
TCG  0.00 ± 0.00 0.00 ± 0.00 - 
TEF 10.27 ± 0.14 10.27 ± 0.14 - 
TEG -12.36 ± 0.16 -12.36 ± 0.16 - 
TFI  0.00 ± 0.00 0.00 ± 0.00 - 
TFG  0.00 ± 0.00 0.00 ± 0.00 - 
TFH  -12.36 ± 0.16 -12.36 ± 0.16 - 
TGJ 0.00 ± 0.00 0.00 ± 0.00 - 
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TGH  0.00 ± 0.00 0.00 ± 0.00 - 

TGK  -12.36 ± 0.16 -12.36 ± 0.16 - 
TIH  0.00 ± 0.00 0.00 ± 0.00 - 

TIJ  0.00 ± 0.00 0.00 ± 0.00 - 
TIL  -2.38 ± 0.16 -2.38 ± 0.16 - 
TJK  0.00 ± 0.00 0.00 ± 0.00 - 
TJL  0.00 ± 0.00 0.00 ± 0.00 - 

TJO  -2.38 ± 0.16 -2.38 ± 0.16 - 
THL  0.00 ± 0.00 -13.86 ± 27.72 13.86 
THK  0.00 ± 0.00 0.00 ± 0.00 - 

TMH -12.36 ± 0.16 -2.56 ± 19.76 -9.80 

TKO  0.00 ± 0.00 0.00 ± 0.00 - 

TKM  0.00 ± 0.00 0.00 ± 0.00 - 

TKP -12.36 ± 0.16 -12.36 ± 0.16 - 

TLM  0.00 ± 0.00 13.86 ± 27.72 -13.86 

TLO  0.00 ± 0.00 0.00 ± 0.00 - 

TLN  -2.38 ± 0.16 -21.98 ± 39.36 19.60 
Nx  0.00 ± 0.00 0.00 ± 0.00 - 

Ny  0.00 ± 0.00 0.00 ± 0.00 - 

Nz  2.38 ± 0.16 21.98 ± 39.36 -19.60 

Ox  0.00 ± 0.00 0.00 ± 0.00 - 
Oy  0.00 ± 0.00 0.00 ± 0.00 - 

Oz  2.38 ± 0.16 2.38 ± 0.16 - 

Mx  0.00 ± 0.00 9.80 ± 19.60 -9.80 
My  0.00 ± 0.00 0.00 ± 0.00 - 
Mz  12.36 ± 0.16 -7.24 ± 39.36 19.60 
Px  0.00 ± 0.00 0.00 ± 0.00 - 
Py  0.00 ± 0.00 0.00 ± 0.00 - 
Pz  12.36 ± 0.16 12.36 ± 0.16 - 

 

METHODS: MATERIALS 
The materials used to construct and perform the 

experiment are listed below with quantities in 
parenthesis. 

• PASCO Advanced Structures Set (1) 
• PASCO 100N Load Cell – PS2200 (3) 
• PASCO Load Cell Amplifier – PS2198 (1) 
• PASCO USB Link – PS2100 (1) 
• PASCO Data Studio Software Suite (1) 
• Logger Pro Data Analysis Software(1) 
• 1000g mass (2) 
• 500g mass (1) 

 
SETUP 

The designed truss tower structure was constructed 
using the PASCO Advanced Structure Set. Using 

simple triangle geometry, a 72cm tall, four-sided tower 
was constructed, which included an 8cm tall triangular 
top section. In addition to the vertical members, 24cm 
long diagonal cross members were added between every 
other joint. Across the top tower joints (Joints A and B 
as defined previously), a metal rod was placed through 
the center of each joint component. The geometry of 
the tower can be seen in Figure 3.1. To simulate the 
weight of the nacelle, a 1kg and 0.5kg mass was hooked 
in the center of the metal rod (Member AB). The 
weight of the rotor was simulated by a 1kg mass 
connected near the end of the rod (Member AB), 
approximately 62mm from Joint B. To measure 
member forces, load cells were placed in-between the 
particular member of interest. Since we had only three 
load cells, they were periodically moved to various 
locations throughout experimentation. The load cells 
were connected to the PASCO Load Cell Amplifier, 
which then connected to a computer via the PASCO 
USB Link. Data Studio was used to calibrate the sensors 
and collect data. An image of the experimental setup 
showing key model components is shown in Figure 
4.1. 
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FIGURE 4.1:  EXPERIMENTAL SETUP (CASE I) 

EXECUTION 
Before commencing with any data collection, the 

load cell sensors were calibrated using Data Studio and 
the 1kg mass in accordance with load cell manual 
instructions. Three member forces of interest were 
chosen and replaced with load cells. For Case I, data 
collection was begun and after a short time the nacelle 
and rotor masses were applied. Approximately 30 to 40 
seconds of data were collected. The load cells were then 
relocated on three different members and data were 
collected again. This was completed for twelve different 
members. Next, for Case II, a pulley system was set up 
so that a 1kg mass could be applied to a cable such that 
the tension would be transferred and applied 
horizontally to Joint H. The nacelle and rotor masses 
remained and were applied in the exact same location as 
in Case I. The load cells were connected along 
Members IH, HL, and LM, which are diagonal 

members along the xz plane located near Joint H. Data 
were collected as before beginning with no applied 
force, then adding the forces a few seconds into 
collection. During data collection, the tower was firmly 
held in place at the bottom joints. This was critical as 
the theoretical analysis assumed these joints to be 
completely fixed. The experimental setup for this 
configuration is shown in Figure 4.2. 
 

 

FIGURE 4.2 EXPERIMENTAL SETUP (CASE II)  

 
To analyze the data and determine the experimental 

values for the measured forces, the data were exported 
from Data Studio and imported into Logger Pro. Using 
data analysis tools, mean values and standard deviations 
were found for each data set in each case. To better 
visualize the data and choose the most appropriate 
points, graphs were created. 

RESULTS 
 Fifteen member forces were measured and 

graphed (twelve for Case I and three for Case II). The 
data were broken into the following sub-sections: Top 
Members (Case I), Horizontal Members (Case I), 
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Vertical Members (Case I), Diagonal Members (Case I), 
and Diagonal Members (Case II). Refer to Figure 3.2 
for identifying referenced member locations.  

TOP MEMBERS (CASE I) 
Top members include the applied weight forces 

acting on Joints A and B and the short diagonal 
members extending from these joints. Figure 5.1 and 
Figure 5.2 below show the measured force vs. time for 
FA and FB. 

 
FIGURE 5.1:  FORCE VS. TIME FOR FA 

 

 
FIGURE5.2:  FORCE VS. TIME FOR FB 

As seen from the graphs above, data were collected 
for approximately 15 seconds before applying the 
nacelle and rotor masses and an additional 20 seconds 
with the weights applied. The graphs show a mean 

value for FA and FB of -4.14 ± 0.02 and = -20.95 ± 0.04, 
respectively. These values are negative since the force is 
acting in the negative direction. For comparison 
proposes, however, we are only concerned with the 
absolute value. 

In addition to the applied force on the top 
structure, the force TAC, experienced by Member AC, 
and the force TBF, experienced by Member BF, is 
shown below in Figure 5.3 and Figure 5.4. 
 

 

 
FIGURE 5.3:  FORCE VS. TIME FOR MEMBER AC 

 
FIGURE 5.4:  FORCE VS. TIME FOR MEMBER BF 

The mean values found for TAC and TBF are -2.96 ± 
0.01 N and -14.24 ± 0.01 N, respectively. 

HORIZONTAL MEMBERS (CASE I) 
The horizontal members include the four top 

members that connect horizontally between Joints C, 
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D, E, and F. However, only Member EF and Member 
DC were measured experimentally. Graphs of the 
measured data are shown below in Figure 5.5 and 
Figure 5.6. 
 

 

FIGURE 5.5:  FORCE VS. TIME FOR MEMBER DC 

 

 
FIGURE 5.6:  FORCE VS. TIME FOR MEMBER EF 

 

The mean values found for TDC and TEF are 2.09 ± 0.01 
N and 9.60 ± 0.02 N, respectively.  

VERTICAL MEMBERS (CASE I) 
Vertical members include the members that make 

up the four vertical legs of the structure. There are ten 
total vertical members and the tension forces present in 
Members CJ, EG, and MH were measured 
experimentally. Graphs of the measured forces vs. time 

are shown below in Figure 5.7, Figure 5.8, and Figure 
5.9. 
 

 

 
FIGURE 5.7:  FORCE VS. TIME FOR MEMBER CJ 

 
FIGURE5.8:  FORCE VS. TIME FOR MEMBER EG 

 

 
FIGURE5.9:  FORCE VS. TIME FOR MEMBER MH 
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The mean values found for TCJ, TEG, and TMH are -1.67 
± 0.05 N, -10.01 ± 0.01 N, and -10.17 ± 0.13 N, 
respectively.  

DIAGONAL MEMBERS (CASE I) 
Diagonal members include the members connected 

diagonally between the vertical legs of the tower. There 
are 16 total diagonal members (four per side) and the 
tension forces present in Members IH, HL, and LM 
were measured experimentally. Graphs of the measured 
tension forces vs. time are shown below in Figure 5.10, 
Figure 5.11, and Figure 5.12. 
 

 

 
FIGURE 5.10:  FORCE VS. TIME FOR MEMBER IH 

 

 
FIGURE5.11: FORCE VS. TIME FOR MEMBER HL 

 

 
FIGURE 5.12:  FORCE VS. TIME FOR MEMBER LM 

The mean values found for TIH, THL, and TLM are -0.75 
± 0.10 N, -0.12 ± 0.03 N, and -0.12 ± 0.04 N, 
respectively.  

A summary of the data analysis for Case I is shown in 
Table 5.1. 

 
TABLE 5.1:  ANALYSIS RESULTS FROM CASE I 

Force  

Avg. 
Force 
Value 
(N) 

Data 
Uncertainty 
(N) 

Load Cell 
Accuracy 
(N)[2] 

Experimental 
Value (N) 

FA -4.14 ± 0.02 ± 1 -4.14 ± 1.02 

FB -20.95 ± 0.04 ± 1 -20.95 ± 1.04 

TAC -2.96 ± 0.01 ± 1 -2.96 ± 1.01 

TBF  -14.24 ± 0.01 ± 1 -14.24± 1.01 

TDC  2.09 ± 0.01 ± 1 2.09 ± 1.01 

TEF  9.60 ± 0.02 ± 1 9.60 ± 1.02 

TCJ -1.67 ± 0.05 ± 1 -1.67 ± 1.05 

TEG 10.01 ± 0.01 ± 1 10.01 ± 1.01 

TMH  -10.17 ± 0.13 ± 1 -10.17± 1.13 

TIH -0.75 ± 0.10 ± 1 -0.75 ± 1.10 

THL  -0.12 ± 0.03 ± 1 -0.12 ± 1.03 

TLM -0.12 ± 0.04 ± 1 -0.12 ± 1.04 

 

DIAGONAL MEMBERS (CASE II) 
The diagonal members measured for Case II are 

the same as measured in Case I and were chosen to 
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demonstrate the impact of a lateral force at Joint H. 
Graphs of the measured tension forces for Members 
IH, HL, and LM are shown below in Figure 5.13, 
Figure 5.14, and Figure 5.15. 
 

 
FIGURE 5.13:  FORCE VS. TIME FOR MEMBER IH 

(CASE II)  

 
FIGURE 5.14:  FORCE VS. TIME FOR MEMBER HL 

(CASE II)  

 

 
FIGURE 5.15:  FORCE VS. TIME FOR MEMBER LM 

(CASE II)  

 
The mean values found for TIH, THL, and TLM in Case II 
are -0.76 ± 0.10 N, -13.91 ± 0.21 N, and 14.14 ± 0.22 N, 
respectively.  

A summary of the data analysis for Case II is shown in 
Table 5.2. 

 
TABLE 0.2:  ANALYSIS RESULTS FROM CASE II 

Force  

Avg. 
Force 
Value 
(N) 

Data 
Uncertainty 
(N) 

Load Cell 
Accuracy 
(N)[2] 

Experimental 
Value (N) 

TIH -0.76 ± 0.10 ± 1 -0.73± 1.10 

THL  -13.91 ± 0.21 ± 1 -13.91± 1.21 

TLM 14.14 ± 0.22 ± 1 14.14± 1.22 

 

A summary and comparison of the experimental and 
theoretical results are shown in Table 5.3. 

 
TABLE 5.3:  COMPARISON OF THEORETICAL AND 
EXPERIMENTAL ANALYSIS RESULTS 

 Force Theoretical 
Value (N) 

Experimental 
Value (N) 

Percent 
Difference 

(%) 

CASE I 

FA 3.96 ± 0.28 4.14 ± 1.02 4.5% 

FB 20.54 ± 0.28 20.95 ± 1.04 4.5% 

TAC -2.80 ± 0.19 -2.96 ± 1.01 5.8% 

TBF  -14.53 ± 0.19 -14.24 ± 1.01 2.0% 
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TDC  1.98 ± 0.14 2.09 ± 1.01 5.7% 

TEF  10.27 ± 0.14 9.60 ± 1.02 6.5% 

TCJ -2.38 ± 0.16 -1.67 ± 1.05 29.8% 

TEG -12.36 ± 0.16 -10.01 ± 1.01 19% 

TMH  -12.36 ± 0.16 -10.17 ± 1.13 17.7% 

TIH 0.00 ± 0.00 -0.75 ± 1.10 - 

THL  0.00 ± 0.00 -0.12 ± 1.03 - 

TLM 0.00 ± 0.00 -0.12 ± 1.04 - 

CASE II 

TIH 0.00 ± 0.00 -0.73 ± 1.10 - 

THL  -13.86 ± 27.72 -13.91 ± 1.21 0.4% 

TLM 13.86 ± 27.72 14.14 ± 1.22 2.0% 

 

DISCUSSION 
All experimental findings were congruent with 

theoretical expectations within the measure of 
uncertainty. For example, in both cases where TAC was 
calculated to be -2.80 ± 0.19 N, experimental data from 
Case I showed the actual force to be -2.96 ± 1.01 N.  
This would indicate that the theoretical tower was 
accurately analyzed as a truss and frame system and 
accurately modeled using the structure constructed. It 
also shows that analysis by method of joints was an 
effective and accurate theoretical approach. 

Case I found support forces in only the vertical 
members, due to the downward force of the weight of 
the nacelle and rotor due to gravity. The joints located 
toward the front of the nacelle showed greater support 
reactions than members located toward the back. TEG (a 
vertical member located towards the rotor) supported a 
force of -12.36 ± 0.16 N (theoretical) and -10.01 ± 1.01 
N (experimental), larger than TCJ (a vertical member 
located away from the rotor), which experienced 
compression forces of -2.38 ± 0.16 N (theoretical) and -
1.67 ± 1.05 N (experimental).  

In Case I, all diagonal members were zero force 
members, for example THL = 0 N (theoretical) and -0.12 
± 1.03 N (experimental). Although these members did 
not support any of the load, they are still critical in the 
design. The diagonal members act as reinforcements if 
any structural failure were to occur. 

Case II, which incorporated a horizontal force 
idealized as a single force on a single joint, showed 
significant impact on the diagonal joints below the joint 
where the force was applied, such as at THL (-13.86 N, 

(theoretical) and -13.91 ± 1.21 N (experimental)). 
Intuitively, it is surprising to see that the diagonal 
member extending upward (THI) from this joint did not 
share the load distribution from the force. Experimental 
data in Case I shows the member experiencing 
essentially zero force (-0.76 ± 1.11 N); however, Case II 
(with horizontal force) also showed this member to be a 
zero force member (-0.75 ± 1.10 N). The similarity 
between these numbers indicates that the horizontal 
force had no effect on the loading of this member. The 
only diagonal member extending from this joint 
supporting the force was the diagonal member 
extending downward (THL). Theoretically, this is 
expected when utilizing a top-down analysis such as 
method of joints. Being that the top of the structure 
contained no support forces in the xz plane, analysis at 
Joint I supports the finding that THI would be zero. 

Loads on vertical members did not differ based on 
their relative height in the tower. A member located 
towards the bottom of the tower, TMH, and a member 
located towards the top of the tower TEG supported 
nearly identical forces. This indicates that the tower, in 
theory, could be built at extreme heights with little 
deviation in the maximum force load, however, greater 
heights would increase wind loading and weight of the 
members themselves.  

The greatest obstacle during experimentation was 
creating a way to apply both vertical and horizontal 
forces. The pulley system described in the method 
section was a successful tool in completing this task. No 
other obstacles were faced and the data were 
sufficiently precise and accurate through meticulous and 
constant calibration of load cells. Although results 
showed no significant difference between theoretical 
and experimental data, there are still possible sources of 
error. One source of error is that members are not 
perfectly rigid although analyzed to be. This increases 
the potential for member flex and internal forces that 
were not incorporated into theoretical analysis.  

Findings indicate that several considerations should 
be taken into account during maximum load analysis. 
Being that the vertical members support the most force, 
they are most susceptible to buckling. They are also 
typically the longest, which decreases their strength and 
therefore the maximum load they can bear. This is yet 
another reason why diagonal members are crucial to the 
design. Although they are zero-members during non-
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wind conditions, they aid in increasing the buckling 
limit of the vertical members, allowing for a larger load 
to be supported. Secondly, the load is more 
concentrated in the members located underneath the 
front of the nacelle, and so due to the changing 
orientation of the nacelle all members must be 
optimized to support the changing load. Uneven 
distribution of weight on the tower also creates possible 
over-turning moments experienced at base supports, 
requiring special foundation considerations. Wind 
conditions increase the load experienced by vertical 
members and changes diagonal members from zero-
force members to load-bearing members. It is crucial to 
take into account the maximum wind conditions 
expected given the location of the turbine.  

Further analysis could include the internal stress, 
shear, and torsion of members. It is predicted that 
internal force analysis would show more deviation due 
to the large size of each member. It would also be 
fruitful to complete a sustainability analysis 
incorporating cost and strength of material. A dynamics 
approach to analysis is also a worthwhile investigation, 
being that most significant wind turbine tower loading 
occurs during dynamic conditions such as high variable 
wind (i.e., extreme gusts), as well vibrations caused 
from internal mechanisms of the system itself.  
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