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1. Introduction 

Traditional gas turbine engines are designed to operate at nearly fixed operation 
conditions, including speed and blade geometries. If the operating conditions 
change, the flow incidence angles may not be optimum with the blade geometries 
and thus result in reduced performance. Active control of the pitch angles of 
compressor and turbine blades can improve performance by maintaining flow 
incidence angles within the optimum range for given blade geometries for varying 
operating conditions. Maintaining flow incidence angles within the optimum range 
can suppress the likelihood of flow separation in the blade passage and reduce the 
thermal stresses developed due to aerothermal loads. An adaptable articulating  
axial-flow compressor or turbine rotor blade can lead to a high-efficiency variable-
speed gas turbine for rotorcraft or ground vehicles that may need to operate 
optimally at different torque/speed conditions during various maneuvers. 
Articulating the angles of turbine or compressor blade using smart-material-based 
actuators such as Shape Memory Alloy (SMA) has been investigated. SMA is a 
kind of active material that uses the transformation of thermal energy to mechanical 
energy when heated. The main advantages of SMA actuators are a high power-to-
mass ratio; a clean, simpler design unlike conventional 
hydraulic/magnetic/electrical/electromagnetic actuators; maintainability; and silent 
actuation. However, they also have some shortcomings, such as slow response, 
parameter uncertainties, hysteresis, and nonlinearities. Hysteresis and 
nonlinearities are caused by the fact that SMA generates solid-to-solid phase 
transformation relating to temperature: martensite and austenite. Martensite, 
relatively soft, is the low-temperature phase, whereas austenite, the high-
temperature phase, is relatively hard. In using SMA actuators, output position 
tracking control plays an important role in the control process, and the control 
objective is to make the output position robustly follow the desired reference. A 
nonlinear control theory is adopted to address the hysteresis and nonlinearity. 
According to the system dynamics characteristic, control laws are designed to 
achieve the output position tracking control and maintain the stability of the closed-
loop system. 

2. Modeling and Control 

2.1 Modeling and Control Motors 

The control methods for electrical DC motors and SMA are presented with 
simulation and experiments for illustration. The motor controllers are designed to 
regulate the angles of the rotor/stator blades in dynamically varying operation 
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conditions: proportional integral derivative (PID) controllers followed by adaptive 
controllers, which make the operation robust against uncertainties such as 
unmodeled nonlinearity and friction between fluid and blades. Two types of motors 
were considered: electrical DC motors and SMA actuators. SMA actuators change 
angular positions by electronically heating the material (possibly made of nickel 
[Ni]–titanium [Ti]–hafnium) and have attractive advantages such as high power-to-
volume ratio. However, they have high nonlinearities such as backlash-like 
hysteresis and saturation. Also, an SMA actuator has a small displacement and a 
relatively slow response speed due to the cooling phase. These nonlinearities result 
in steady-state errors and limit cycle problems when conventional controllers (e.g., 
PID) are used for trajectory control. An electrical DC motor uses electrical power 
to generate rotational motions. Such motors are found widely in robots, appliances, 
and machines thanks to longer lifetime, lower price, and higher bandwidth. 
However, in general, compared with those of SMAs, the structures of DC motors 
are more complex due to their gears and electro drives, which require more space. 
Also, they are noisier and heavier. But depending on materials used, DC motors 
can be used at a temperature higher than a temperature at which standard NiTi 
alloys are used (Yi and Ulsoy 2014) (Czechowicz and Langbein 2015). 

2.2 SMA Model 

Typically, the SMA is modeled as 

 ( ), ,J b k d h u uθ θ θ θ θ α+ + + = +   , (1) 

where 

• J, b, and k = effective inertia, an effective damping, and an effective 
stiffness, respectively  

• d = unexpected disturbances 

• ℎ(𝜃𝜃,𝜃𝜃,̇ 𝑢𝑢) = hysteretic nonlinear term; this term is the biggest problem and, 
thus, linear control approach may not work  

• u = applied current 

• 𝛼𝛼 = input coefficient 

Figure 1 shows a simple comparison of the hysteresis and nonhysteresis model with 
normalized temperature input and displacement output. This nonlinear property 
makes it difficult to apply classical control methods to SMA (Jin et al. 2015). 
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Fig. 1 Hysteresis vs. nonhysteresis 

As shown in Figs. 2 and 3, when a control system designed for a nonhysteresis 
system is applied to a hysteresis system, it may lead to higher overshoot and more 
oscillations are observed. The control goal is minimizing the error de θ θ= − , 
where 𝜃𝜃 is the current angular displacement and 𝜃𝜃𝑑𝑑  is the desired value of blade 
angles. The desired values are the optimum position that yields efficient 
performance of the engine (Murugan et al. 2018).  

 

Fig. 2 Control of a system that has hysteresis: the same PID control was used for a system 
having hysteresis and for a normal system 

   

Fig. 3 Higher overshoot and more oscillations are observed (left) when the PID control 
designed for a nonhysteresis system (right) is applied to a hysteresis system (left) 

To handle the nonlinear term in the model in Eq. 1, a nonlinear canceling method 
was used with delayed states (Lee and Lee 2004). This was later combined with 
sliding mode control to consider physical limitations in actuation (Lee et al. 2013). 
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In Xiaoguang et al. (2017), a nonlinear control method called feedback linearization 
(FBL) was used and validated through experiments. Lyapunov functions are also 
effective tools for nonlinear control and were used with sliding mode control in 
(Lechevin and Rabbath 2005).  

2.3 Electric DC Motor Control 

The feedback control platform for the DC motor is shown in Fig. 4. It contains the 
following elements:  

• Electric motor (SRV-02) including a load shaft, an actuator (motor), and 
sensors, which are encoder and potentiometer 

• Feedback controller programmed on a PC using MATLAB/Simulink and 
Quarc software 

• Data acquisition device (QPID terminal board) made by Quanser and 
voltage amplifier (VolPAQ-X1) 

 
Fig. 4 Schematic of the electrical DC motor system used at North Carolina A&T State 
University 

The voltage-to-angular position transfer function for the DC motor system  
(SRV-02) in Fig. 4 is given by 

 
( )

( )( )
1 ( )m

K sP s
s s V sτ

Θ
= =

+
 . (2) 
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The proportional-velocity (PV) control law to follow the desired position of the 
motor is  

 ( )( )m P d VV s k k sθ θ θ= − − , (3) 

where kP and kV are the proportional and velocity control gains, respectively. The 
angle θd is the desired angle, and θ is the measured angle. Also, Vm(s) is the input 
voltage provided by the amplifier. 

When the system has the stable characteristic roots as −14.9565 ± 15.7274i, the 
response is as shown in Fig. 5 with the control structure in Fig. 6. The output (green) 
follows the desired output (blue) in Fig. 5. 

 
Fig. 5 Stable when PV control is used and no disturbance exists; output (green) follows the 
desired output (blue) 

 

Fig. 6 Diagram for feedback control of electric DC motors 

 Time, seconds 
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2.4 Adaptive Control for Electric Motors  

As shown in Fig. 5, the controlled system shows stable performance. But if the 
same control was used for a system with disturbance, the response shows 
discrepancies between simulation and actual output. Thus a control system is 
needed that can modify (update in real time) its behavior in response to changes in 
the dynamics of the process and the disturbances. A controller with adjustable 
parameters and a mechanism for adjusting the parameters called the Model 
Reference Adaptive Control (MRAC) is used (Ioannou and Sun 1996). The output 
of the system is compared with a desired response from a reference model. Then 
the plant response matches the response of the reference model (Fig. 7). In many 
cases, for a given operating point the complex system dynamics are approximated 
by a linear time-invariant model with the given structure and constant parameters. 
However, when the operating condition changes, the parameters have to be changed 
for the appropriate approximation of system dynamics while the structure of the 
model usually remains unchanged. Therefore, a linear controller designed for the 
given operating point is unable to achieve the desired control performance at the 
different operating points. As shown in Fig. 1 (also in Eq. 1), the relationship 
between the input and the output is nonlinear. Thus a control system that can modify 
(update in real time) its parameters in response to changes in the dynamics of the 
process and the disturbances was developed. Stable performance at different 
conditions cannot be obtained by the fixed gain controller. So, it was necessary to 
introduce the adaptive control method to compensate the nonlinearity of the 
process. 

 

Fig. 7 Adaptive control: MRAC 

A control system can modify (update in real time) its behavior in response to 
changes in the dynamics of the process and the disturbances. The controller has 
adjustable parameters and a mechanism for adjusting the parameters. In MRAC the 
output of the system is compared with a desired response from a reference model, 
thus allowing the plant’s response to match the response of the reference model.  
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In adaptive control the controller structure consists of a feedback loop and a 
controller with adjustable gains. The gains of the controller are then changed so that 
the control performance requirements are met for different operating conditions. A 
feedback controller with adjustable parameters and an adaptive mechanism for 
adjusting the parameters is used. Model-reference adaptive control is one of the 
representative approaches to adaptive control. The reference model is chosen to 
generate the desired trajectory that the system output must follow. The tracking 
error, e, represents the deviation of the plant output from the desired trajectory. The 
closed-loop system is made up of an ordinary feedback control law that contains 
the plant and the controller and an adaptive mechanism that provide the controller 
parameter estimates in real time. The output of the system is compared with a 
desired response from a reference model. Then the plant response matches the 
response of the reference model.  

2
2

2 2

1 ( )
2

0 whenm m

kV e

kk kk kV ee a e kex a e k ex k k ex

γ

γ
γ γ γ

= +

 
 = + = − − + = − − − < = =
 
 



           

 . (4) 

This scheme was realized via the mathematic analysis summarized in Eq. 4. The 
Lyapunov function, V, in terms of the estimation error, e, and the parametric error, 
k , is set. Then its time derivative, V , is negative when the adaptation rule is 
derived. 

Figure 8 shows the motor system setup (see Fig. 4) with an asymmetrical load added 
to evaluate the effectiveness of the adaptive control. Comparing the responses in 
Figs. 9 and 10, the steady-state error in Fig. 10 is smaller and the transient response 
is faster because of the adaptation mechanism, as shown in Fig. 11.  
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Fig. 8 An asymmetrical load is added to the motor system in Fig. 4 to evaluate the 
effectiveness of the adaptive control as shown in Figs. 9 and 10 

 

Fig. 9 Controller designed for a model was used for a system with disturbance. The 
responses show discrepancies between the nominal system and the system that has additional 
load in Fig. 8. 
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Fig. 10 Responses with MRAC. Output of the system is compared with a desired response 
from a reference model, thus allowing the plant response to match the response of the 
reference model. 

 
Fig. 11 MRAC for the electric DC motor 

2.5 Adaptive Control for SMA 

In the adaptive control, over time the error approaches zero and thus the output of 
the system becomes the same as the output of the reference model. This adaptation 
rule is implemented in Fig. 12, a block diagram of the adaptation mechanism. The 
reference model is chosen to be stable and have fast dynamics. 
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Fig. 12 MRAC for the actuator with hysteresis 

For validation through simulation, the results are shown in Fig. 13. The responses 
in Fig. 13 show the response with adaptation is faster and with smaller steady-state 
errors. Using the adaptive control, it is possible to compensate for the nonlinearities 
in SMA and obtain improved tracking results. 

 

Fig. 13 Model reference adaptive control is faster and with reduced errors 

 

3. Conclusion 

Considering uncertainties and nonlinearities, the control systems that include 
adaptation mechanisms were developed and applied to electric DC motor and SMA 
actuator models. The systems with the control were simulated for illustration. Also, 
an experiment with the electric motor was conducted, which shows improved 
response in terms of steady-state errors and transient responses. The method will 
be applied to SMA after parameter identification and system setup.  
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DC direct current 

FBL feedback linearization 
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PID proportional integral derivative 
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SMA Shape Memory Alloy 
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