
 

 

ABSTRACT 

HANGEKAR, ROHAN CHANDRAMOHAN. A Multi-Channel Power Controller for 
Actuation and Control of Shape Memory Alloy Actuators. (Under the direction of Dr. Stefan 
Seelecke). 
 

The use of „multifunctional‟ Shape Memory Alloy wires as embedded actuators and 

sensors has been proposed for numerous novel applications. The SMA wires are actuated as a 

result of the Joule heating induced by passing electric current through it. The resistance of the 

SMA wire can simultaneously be measured during its actuation enabling it to be used as sensor 

that relates to the strain and temperature of the wire. In order to control actuation stroke from 

the SMA wire, the Joule heating (electric power supplied to the SMA wire) of the wire needs to 

be controlled. Therefore, a multi-channel power controller system has been developed that 

simultaneously controls the power supplied to six different SMA wires and measures the 

resistance of these wires during excitation.  

The multi channel power controller system comprises of a host computer with 

LabVIEW software, a National Instruments Field Programmable Gate Array (FPGA) card, a 

custom built electronic device and a DC power source. The control algorithm adapts to the non 

linear and hysteretic behavior of the SMA actuator and adjusts the pulse width modulated 

voltage across it to maintain the desired value of power in the actuator. The controller also gives 

the resistance of SMA actuator as a feedback. It is therefore envisioned that feedback position 

control of these actuators can be implemented without the necessity of additional sensor. The 

system has a software interface in LabVIEW which enables a user to control various parameters 

in the functioning of this system and to monitor the results.  

For validating the performance of the system, known fixed resistors are connected 

across its channels and the evolution of the command power, measured power and the measured 

resistance is observed. The power tracking and resistance measurement performance of the 

system is documented. The system is also tested thoroughly with SMA wire actuators to observe 

if it accurately captures the material phenomena in SMAs. Finally, the system is implemented in 

novel applications using embedded SMA wires as actuators and sensors. 
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Chapter 1 Introduction 

1.1. Motivation and Background 

An actuator is a component that is used for generating the motion in a mechanism. All 

actuators use energy, usually created by the flow of fluids or electricity, and convert it into 

mechanical motion. The generated motion can be a linear motion, rotary motion or oscillatory 

motion. Traditional means of actuation mainly include electromagnetic motors and 

hydraulic/pneumatic actuators. These actuators have been employed extensively in the last 

century for applications in a variety of industries ranging from automobiles, manufacturing, 

automation, robotics, power plants, etc. However, some of the novel applications, specifically in 

the biomedical field, demand compact setup and reduced weight. Such applications necessitate 

new ways of actuation such as Shape Memory Alloys, Piezoelectric actuators and Electro-Active 

Polymers, etc. Actuation using these means is dependent on the properties and the behavior of 

the materials under specific conditions. Unlike the traditional actuators, these are not available 

off-the-shelf. Application specific design is needed and therefore these ways are very good for 

miniaturization. Some of these materials, in particular the Shape Memory Alloys, show change in 

the electrical resistance with change in the shape. Therefore, by monitoring the resistance, 

actuation (strain change) and sensing (resistance measurement) can be simultaneously imposed. 

This is called as concomitant actuation and sensing and it is a very powerful phenomenon in 

mechatronics system design. [1] Due to the dual actuation-sensing characteristics of the SMA 

material, it is often called as a „smart material‟. When this two way actuation-sensing capability of 

a smart actuator is integrated/embedded into a structure, it is called as a „smart structure‟. In this 

work, we present a system to exploit the dual actuation-sensing capabilities of the „smart‟ shape 

memory alloys. 
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When Shape Memory Alloy (SMA) material is plastically deformed at low temperature, it 

returns to its original configuration upon the supply of heat. This recovery of plastic 

deformation in SMA‟s is a consequence of the load deformation behavior which is called 

quasiplastic at low temperatures and pseudoelastic at high temperatures. The recovery is initiated 

by heating the SMA specimen above a transformation temperature. The heat causes the phase 

transformation between different crystallographic structures - namely, deformed martensite 

phase to austenite phase. Typically in an SMA wire, the heat induced contraction is up to 5% of 

the initial length. If this contraction is constrained, considerably large forces are developed and 

for actuator applications with multiple load cycles, the SMA wire can bear up to 200MPa of 

stress. [2] Due to this effect, SMA materials have found a wide range of applications for 

actuation purposes such as in Smart Inhaler System for improved aerosol drug delivery [3], BAT 

Micro Air Vehicle [4] , Smart Wings for aircrafts [5], robotics [7], Gripper systems [8] and micro-

actuators [9]. The actuation in these applications is accomplished by externally heating an SMA 

wire actuator by passing electrical current through it. Electrical heating, or Joule heating, is a 

convenient method because it allows for the ability to monitor and control the power in SMA 

wire. Many of the above stated applications need to have complex motions in their mechanisms 

but do not have room for larger conventional actuators. Due to their very small size, SMA wires 

are found to be ideal actuators for these applications. These actuators would each require a 

different controlled source of electric power to accomplish the required actuation strokes. 

Therefore a multi-channel power controller system is necessary. The system also needs to 

measure the dynamically changing resistance of these wires while controlling the power. The 

multi-channel power controller system would then serve as an infrastructure to execute position 

control of multiple SMA wires by using the power control for controlled actuation and the 

resistance measurement for position feedback. The power control is emphasized in this system 

rather than voltage control or current control because the SMA material reacts to the heat and 

the temperature rise due to heat input. Electric power dissipation in the wire is a direct measure 

of heat input rather than the voltage across the wire or current passed through the wire. 

Characterization of SMA wires under controlled power is therefore essential to understand the 

material behavior for known heat inputs. The development of multi-channel power controller 
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continues from the single channel prototype system developed earlier. [5] The single channel 

power controller used an Atmel microcontroller chip with the auxiliary electronic circuitry. The 

purpose of that system was to characterize electro-thermo-mechanical behavior of the SMA 

actuator wire. 

1.2. Review of Control Strategies used for Shape Memory Alloy Actuators 

Use of SMA wires for simultaneous actuation and sensing is not a particularly new topic. 

Several references in the literature can be quoted that demonstrate electro-thermo-mechanical 

measurements from SMA wires and ad-hoc controllers to control certain mechanisms. However, 

a systematic account of the implementation of a power controller for SMA wires and the 

resistance measurement data collected in controlled conditions is hard to find. In this section, 

several pieces of literature have been quoted as a review of the previously completed work in 

this area. 

Ma et. al. [10] implemented open loop control of the SMA wire actuator using pulse 

width modulation. Ma et. al. [11] also implemented a position control scheme with the electrical 

resistance of SMA using neural networks. The methodology of the actuation and sensing of the 

SMA actuator and its characterization is dependent on applied voltage and measured electric 

current through it. The authors use an HP programmable power supply in the experimental 

testing of the controller. 

Liu et. al. [12] implemented the tracking control of SMA actuators based on self sensing 

feedback and inverse hysteresis compensation. The setup for the actuation and sensing uses a 

data acquisition and Darlington driver circuit. The characterization of the SMA actuators is done 

with the input voltage. A PID controller is then implemented.  

Featherstone et. al. [15] described a method for improving the speed of the SMA 

actuators by proposing the resistance measurement as an indicator of the temperature and then 

controlling the rate of heating to achieve faster response. The authors termed this as a two stage 

relay controller. 

Qiu et. al. [16] proposed the methodology for high speed response of the SMA actuator. 

However the study was limited to heating response only. The cyclic operation of actuator was 

not considered. 
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Ikuta et. al. [13] implemented the resistance feedback for application in active 

endoscopes. Raparelli et. al. [14] measured the resistance of the SMA material under constant 

load. 

Han et. al. [17] achieved the end point position control of a single link arm with SMA 

actuators. The motion of the mechanism was characterized with respect to the electric current 

input. The resistance feedback was not used. A Sliding mode controller was used in the 

application. 

Several efforts have been made to utilize the resistance measurement of the SMA 

actuators for position control. However, a detailed account of the methodology used for the 

same is hard to find in the literature. Also, the resistance data collected in a controlled 

environment is very sparsely available. 

Most researchers tend to use the input voltage or input current to characterize the 

behavior of the SMA material. However, these entities are only indirectly responsible for the 

actuation of the SMA actuators. The heating of the actuator needs to be controlled for a 

controlled actuation. Therefore, characterization of the SMA actuators using controlled power 

dissipation in it is essential. It is very hard to find the pieces of literature that document the 

behavior of SMA actuators under controlled power inputs. 

1.3. Scope of Research 

This research focuses on developing the methodology to control the electric power 

dissipation in an SMA wire actuator while measuring its dynamically changing resistance. The 

electronic hardware, control algorithms and the software required for the same needs to be 

developed. Further, the method is extended for a number of SMA wires working in tandem. We 

call this as „multi-channel‟ implementation of the power controller system. 

The prototype system needs to be validated for its functionality. This can be done using 

known fixed resistors. The controlled power dissipation and the resistance measurements across 

these resistors can be used to estimate the accuracy of the system. Further, the system needs to 

be tested with Shape Memory Alloy wires. FlexinolTM actuator wires produced by Dynalloy Inc. 

are used for testing purposes. [28] Finally a test needs to be setup to validate the applicability of 

this system in position control of SMA wires. 
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1.4. Thesis Outline 

The chapter 2 of this thesis document presents an introduction to Shape Memory Alloys. 

The stress and temperature dependent phase transformations in these materials are explained. 

The chapter explains how the shape memory effect can be used for actuation purposes. 

The chapter 3 presents the basics of the power control and resistance measurement 

methodology for an SMA wire. The functional requirements are outlined and the modular 

decomposition of the system to accomplish those requirements is explained. The algorithms 

used in this system are detailed. 

The chapter 4 discusses detailed implementation of this system. The selection of each 

component, its functionality, operational specifications, details of software programs, flow of 

signals through the system is explored in depth. 

The chapter 5 presents some of the results of the tests and measurements taken on this 

power controller system. The first part of this chapter presents results taken with known fixed 

resistors. In the second part, the results taken with SMA wires are presented. These results are 

used to validate the functionality of this system. The chapter also discusses the accuracy of 

measurements. 

The chapter 6 discusses the specifications of this system. The safe operational ratings, 

absolute maximum ratings and some of the standard operation procedures are discussed. 

Finally, in the chapter 7, this device is implemented in to some of the novel applications 

that use SMA wires for actuation and sensing. These applications include a Smart Inhaler System 

and a BAT Micro Air Vehicle being developed at the Adaptive Structures Lab in the North 

Carolina State University. 
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Chapter 2 Shape Memory Alloys 

2.1. Background 

When some metallic materials are plastically deformed, they return to their original 

configuration upon heating to a certain temperature. This effect is called thermal shape memory 

effect. In another temperature range, the same materials also exhibit a property of returning to 

their original configuration even after subjecting it to a strain of ~10%. This property is called as 

superelasticity. The two effects described above are a result of the solid to solid phase 

transformations that exist in these materials. These phase transformations are highly dependent 

on stresses and temperatures. Such materials are called as „Shape Memory Alloys‟ (SMA) or 

„Smart Materials‟. The thermal shape memory effect can be used to generate motion and force 

while the superelastic effect allows storage of energy. 

Shape memory effect was first observed back in 1930‟s in Gold Cadmium alloys. [18] 

However, this effect received most of its attention after it was rediscovered in Nickel Titanium 

alloys at US Naval Ordnance Laboratory in 1960‟s. [19] Most of the research works and 

technical applications of SMAs are seen post 1961. The material has been known by the name 

Nitinol since then. (Ni-Ti for Nickel Titanium and NOL for Naval Ordnance Laboratory) 

Nitinol remains the mostly widely used shape memory alloy material for practical applications 

today. 

2.2. Phase Transformations in the SMA Material 

The Ni-Ti shape memory alloy can exist in two different crystallographic phases. These 

phases are called as Martensite and Austenite. The material exists in the martensite phase at a 

low temperature while it is in the austenite phase at a higher temperature. Several properties of 

the material vary significantly in these two phases. 
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When the Ni-Ti SMA material in martensite phase is heated, it starts to transform in to 

austenite phase. Figure 1 shows the nomenclature of various temperature values at which the 

transformations occur. The phase transformation from martensite to austenite starts at Austenite 

Start temperature (As). The transformation completes at Austenite Finish temperature (Af). 

When the material is cooled, it returns back to martensite phase. However, the transformation 

from austenite to martensite does not occur at the same temperatures. The material starts to 

transform back into martensite at Martensite Start temperature (Ms). The transformation 

completes at Martensite Finish temperature (Mf). The temperatures at which these 

transformations occur are dependent on the metallurgical properties of the material such as the 

composition in which Nickel and Titanium are mixed and the physical treatment that the 

material is subjected to. 

 

Figure 1 Phase Transformation Hysteresis 

  The Ni-Ti SMA material, like any other material, comprises of crystal lattice structure. 

In the austenite phase, the unit cell of the crystal lattice structure is cubical. In the martensite 

phase, the cube transforms into tetragonal shape. At any given temperature, the crystal lattice 

structure needs to be at the minimum energy state. Therefore, the shapes of the individual lattice 

cells transform from cube to tetragon depending upon the changes in temperature. In the 

martensite phase, the crystal lattice cells can have up to 24 twin variants. However, in the 
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austenite phase, there is a unique cubical crystal lattice structure. The austenite is also called the 

parent phase. 

 

Figure 2 Geometric Changes to the Crystal Lattice Structure during Phase 
Transformation [20] 

In a typical Ni-Ti specimen, the lattice structure of the martensite phase is observed to 

be in a complex rhombic pattern. This is due to a phenomenon called twinning. When the 

material transforms from austenite to martensite phase, it has a tendency to form the crystal 

lattice structure such that in the rhombic shape, the atoms are displaced on either side of a plane 

in a mirror symmetric manner. The plane is called twinning plane. The two mirror symmetric 

variants of the martensite are, therefore, seen in the material. These are denoted by M+ and M-. 

However, when this specimen in twinned martensite phase is loaded in a particular direction, the 

stress causes the lattice structure to de-twin. The entire crystal lattice structure then orients itself 

in a direction favorable to the load.  



 

9 

 

 

Figure 3 Phase Transformations in SMA [21] 

2.2.1. Shape Memory Effect 

The SMA material in the martensite phase can be subjected to plastic deformation. The 

material is soft and deformable in this phase. When the material is heated, the material recovers 

its original shape. The underlying phenomenon behind this shape memory is the phase 

transformation from martensite to austenite. In the martensite phase, the material exists in a 

twinned crystal lattice structure. When it is loaded, the lattice structure de-twins and therefore, 

the material gets deformed. When the heat is supplied to this de twinned martensitic material, 

the temperature of the material increases and the material transforms into austenite phase. The 

crystal lattice therefore transforms into cubical structure. This phenomenon causes a 

macroscopic contraction in the material. Therefore it appears that the material „remembers‟ and 

returns to its original shape upon supply of heat. This effect is called Shape Memory effect.  

When the material cools from austenite phase, it returns back to the twinned martensite phase. 

The material in the martensite phase is not completely elastic. It can be easily deformed. To 

recover the deformation, it needs to be heated into the austenite phase and then subsequent 

cooling beings the material back to its original configuration in martensite phase. This behavior 
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is called quasiplastic behavior of SMA material. This phenomenon is shown graphically in Figure 

3. 

2.2.2. Superelasticity 

Superelasticity is the second important phenomenon seen in the SMA materials. It is the ability 

of the material to return to its original shape upon unloading after a substantial deformation 

(~10%). The superelasticity is fundamentally seen due to the formation of stress induced 

martensite phase in the material. The composition of the superelastic SMA material is slightly 

different from the pseudoelastic material. The application of an outer stress causes martensite to 

form at temperatures higher than Ms. Macroscopic deformation is accommodated by the 

formation of martensite. When the stress is released, the martensite transforms back into 

austenite and the specimen returns back to its original shape. Super-elastic SMA material can be 

strained several times more than ordinary metal alloys without being plastically deformed, which 

reflects its rubber-like behavior. It is, however, only observed over a specific temperature area. 

Above a particular temperature Md, the SMA can no longer form stress induced martensite. And 

therefore SMA starts to deform like ordinary metals above this temperature. Also, below the 

temperature As, the material is martensitic and thus does not recover to austenite phase. 

Therefore, the superelastic effect is only seen in a temperature range from Af to Md. 

 

Figure 4 Hysteretic Stress Strain Behavior at Low Temperature (L) and at High 
Temperature (R) – Blue: M+, Red: A, Green: M- [20] 
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2.3. Actuation using SMA 

The shape memory alloys can be used to generate motion and/or force. If an SMA wire 

is fixed at one end, stretching it at room temperature generates an elongation after unloading. 

This wire remains in the stretched condition until it is transformed into austenite by heating it 

above the transformation temperature. The wire then shrinks to its original length. This is called 

free recovery of the SMA wire under no load. After cooling the wire will transform back to 

martensite without any macroscopic change in the shape. [22] 

For actuation purposes, the constrained recovery of the SMA wire is more valuable. 

After stretching the wire at room temperature, the wire can be constrained by an opposing force. 

This force opposes the recovery of the SMA wire with heating. If this opposing force is 

overcome by the SMA, then it generates motion against an opposing force and hence produces 

work. For example, a wire suspended from a fixed support can lift a load upon heating. Upon 

cooling, the opposing force stretches the SMA wire back to original configuration at room 

temperature. Such opposing force acts as a reset force. Cyclic actuation can be effectively 

implemented using this phenomenon. 

2.4. Advantages and Limitations of SMA 

Advantages: 

There are several advantages to using SMAs for actuation purposes.  

1. These actuators are small in size and have high force densities compared to conventional 

actuators.  

2. SMAs can be used as linear actuators directly by passing electric current through them.  

3. SMAs are ideal for miniaturization of systems.  

4. The actuation using SMAs is silent. 

Limitations: 

Along with the advantages, the SMAs have their limitations.  

1. The SMA material behavior is based on phases and the transformations between phases. 

The strain and resistance of the material shows hysteretic characteristics with changes in 

temperature.  
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2. The wide hysteresis loop and the control problems have been reported several times in 

the literature.  

3. The actuation frequency using SMA material is limited in ambient conditions. The 

frequency of actuation not only depends on the heating rates but also on the cooling 

rates. 

4. There can be fatigue effects in the material after several cycles of actuation. 

2.5. Voltage Control, Current Control and Power Control 

The actuation in an SMA actuator can be brought about by heating it above a certain 

temperature. In order that the heating of the SMA element is uniform, a controlled heat source 

is needed. Heating induced by an electric current is the most convenient way. An electric current 

can be sent into an SMA element by applying a potential difference across it or by sending a 

constant current through it. 

2.5.1. Voltage Control 

 

Figure 5 Voltage Control 

Figure 5 shows an SMA actuator element connected across a source of voltage. When 

the switch is closed, a current   will flow through the SMA element. If the resistance of the SMA 

element is     , then the value of I is given by the Ohm‟s Law as 
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 (1) 

Further, as the current passes through the SMA element, it induces heat in it. This is also 

called „joule‟ heating. The heat energy induced in the SMA element is related to the electric 

power dissipated across it. The power dissipation across the SMA element is given by  

 
  

  

    
 

 (2) 

The heat induced in the SMA element increases its temperature above the 

transformation temperature. The phase transformation takes place and the actuation stroke is 

obtained. However, as the phase transformation takes place and the material is strained, the 

resistance of the material changes significantly. [5] The change in resistance means that the flow 

of electric current in the wire does not remain constant as the time evolves. It also means that 

the power dissipated across the SMA element does not remain constant as the time evolves. As a 

result, the heat is not uniformly induced in the SMA element.  

Further, if the strain obtained by heating the SMA element is to be controlled, then the 

induced heat needs to be controlled. But with a constant voltage applied across the SMA 

resistance, there is no way to control what the induced heat should be. In order to have some 

control over the heating of SMA element, the voltage delivered by the voltage source has to be 

controlled. This is not the most convenient way to implement the SMA actuation. Most voltage 

sources commercially available in the market deliver a constant voltage output or have simplistic 

settings for the user to pre set the output voltage value. 

2.5.2. Current Control 

Figure 6 shows an SMA actuator element connected across a source of current. When 

the switch is closed, the pre set current   flows through the SMA element. The voltage across 

the SMA element is given by the Ohm‟s Law as 

           (3) 

The current   flowing through the resistive SMA element dissipates the power across it 

which is given by 

            (4) 
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Figure 6 Current Control 

The heat induced in the SMA element in this case also is dependent on the electric 

power dissipation. The induced heat causes the temperature increase and subsequent phase 

transformation. The resulting actuation stroke strains the SMA element causing a change in 

resistance. In this case, the current source supplies a constant value of current. With the change 

in the resistance, the voltage across the SMA element varies. However, the power dissipation 

across the SMA element changes with the change in resistance. Therefore, as in the previous 

case, the heat induced in the SMA element varies with time. 

The control problem again exists in this case as well. To control the heat induced in the 

SMA element, the value of the current delivered by the current source has to be changed. Doing 

this is not the most convenient way to implement the SMA actuation. Most commercially 

available power supplies that are capable of delivering constant current outputs have simplistic 

settings to pre set the output current. In order to heat the SMA element uniformly over time, the 

current source will need to have a resistance feedback and then it will have to adjust the value of 

output current. 
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Figure 7 Change in Resistance of  SMA with Temperature 

2.5.3. Power Control 

The requirement is to achieve controlled power dissipation across the SMA element. 

Since this power dissipation results in a change in the resistance of SMA element, it necessitates 

the resistance feedback from it. It is also necessary that this power dissipation be achieved with a 

standard voltage or current source. This can be done using a technique called pulse width 

modulation. In this, the supply voltage or supply current signal is chopped into a high or on 

portion and a low or off portion. The average voltage or average current seen by the SMA element 

is the average of high and low portions of the pulse width modulated signal. The pulse width 

modulated signal repeats itself at a very high frequency. Typically the frequency is selected as 1 

kHz. The SMA material cannot react to the voltage/current signal modulated at this frequency. 

Therefore, the SMA material can only see an average effect of the PWM. By varying the width of 

the high portion of the PWM, the average voltage/current seen by the SMA element can be 

varied. The width of the high portion of the PWM is called duty cycle of the PWM. Thus, the 

value of duty cycle decides the average power dissipated across the SMA element. 
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Figure 8 Basics of  Pulse Width Modulation 

As this average power is dissipated across the SMA element, it is heated and subsequent 

phase transformation induces strain in it. This results, again, in a change in resistance.  This 

resistance can be measured. The measured resistance can then be used to calculate the duty cycle 

of the pulse width modulated current/voltage signal so that its average value yields in the same 

value of power dissipated across the SMA element. So, in order to implement the PWM 

technique for power control, following mechanisms are necessary – 

1. A voltage source or current source 

2. A timing, triggering and synchronization device for generating a repetitive pulse width 

modulated signal 

3. A switch that can be controlled by the generated pulse width modulated signal for 

switching the source voltage/current on or off depending on the PWM signal 

4. A technique to measure the resistance 

5. A computer to calculate the duty cycle based on the measured resistance and to 

communicate with the timing triggering and synchronization device. 

The PWM technique for power control can be implemented using a constant voltage 

source or a constant current source. 

2.5.4. Power Control using a Voltage Source 

Figure 9 shows the schematic diagram for implementing the power control using a 

constant voltage source. The constant voltage source delivers a pre set value of the voltage to 

the input of the switch. The output of the switch is connected to the SMA actuator element via a 

resistor in series. The controller sends out a pulse width modulated signal to the switch. 

Depending on the on or off states of the PWM, the switch turns on or off, bringing the voltage 
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source and the SMA in series. There are two voltage measurements taken in this system. The 

first one is the voltage at the start of shunt resistor and the second one is the voltage at the start 

of the SMA element. The two voltages are fed to the controller. By continuously monitoring the 

two voltages, the current flowing through the SMA element and the duty cycle of the PWM can 

be computed. 

 

 

Figure 9 Power Control using a Constant Voltage Source 

This scheme requires a known resistor in series with the SMA element for knowing the 

value of the current being delivered to the SMA. The two voltage measurements are taken on 

either side of this resistor. The difference between the two measurements gives the voltage drop 

across the known value of the resistor. By Ohm‟s law, the current flowing through the series 

resistor can be calculated. Since the SMA element is connected in series with the shunt resistor, 

the current flowing through it is the same. So, the voltage measurement across the SMA  

The disadvantages of using this type of system are as follows – 
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1. The current flowing through the SMA element does not remain constant. 

2. It is necessary to monitor the instantaneous current in order to control the power. 

3. The necessity of a known resistor in series with SMA causes an additional voltage drop 

and loss of power 

2.5.5. Power Control using a Current Source 

 

Figure 10 Power Control using a Constant Current Source 

Figure 10 shows the schematic diagram for implementing the power control using a 

constant current source. The constant current source ensures that the current flowing through 

the resistive SMA element remains constant under the specified conditions. This current can be 

chopped using the pulse width modulation technique. A switch is used to turn the input voltage 

supplied to the constant current source on or off. This switch is controlled by a PWM signal 

generated by the controller. The voltage measurement is taken across the SMA element and it is 

fed back to the controller. Since the value of the current remains constant, the voltage 

measurement is directly proportional to the resistance of the SMA element. The voltage 

measurement can then be used to calculate the duty cycle of the PWM. 

Advantages of this type of system are as follows – 
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1. If the constant current source reliably delivers a known value of current, power control 

is possible by simply adjusting the duty cycle. 

2. Additional calculations for determining the value of current are not necessary. 

3. The voltage measurement across the SMA element is directly representative of its 

resistance, scaled by the inverse of the constant current. 

2.5.6. Selection of Power Control Scheme 

The power control can be achieved by either using a switched voltage across the load or 

by passing switched current through the load. Use of a switch with current source is more 

efficient for algorithmic calculations as only one voltage measurement is needed for controlling 

the power and the same measurement is directly proportional to the instantaneous resistance of 

the SMA wire. 
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Chapter 3 Basic Concept of Power Controller 

This chapter starts with the functional requirements of the power controller system. The system 

is decomposed into modules and finally, an overview of the system is presented. 

3.1. Functional Requirements of the System 

The power controller system is proposed to have following functional requirements - 

1. Controlled power dissipation across multiple SMA wires – The first functional 

requirement of the power controller system is to implement a mechanism that will 

achieve a controlled dissipation of electric power across at least six resistive shape 

memory alloy wires simultaneously. 

2. Resistance measurement of the SMA wires – Secondly, the system needs to have the 

capability to measure the resistance of the SMA wires simultaneously and continuously 

along with the controlled power dissipation. 

3. A range of output current values – In order to actuate a variety of lengths and diameters 

of the SMA wires under numerous environmental conditions, a wide range of power 

dissipation values need to be achievable. Each value of the output current can only 

dissipate a certain maximum value of power in a given SMA wire, which is determined 

by the resistance of the wire. Therefore, a number of output current values should be 

achievable. 

4. Easy setup procedure and automatic calibration – The user of this power controller 

system is expected to study the physical properties and the engineering applications of 

multiple SMA wires used in novel devices. Therefore, the system has to be designed such 

that it is easy for the users to setup and that the necessary calibrations be automatically 

done by the system. 
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5. A graphical user interface for real time communication – The purpose of this system is 

to actuate the SMA wires implemented in novel devices to study their structural motions 

under controlled actuation. Therefore, it is essential for the user to communicate with 

the system to provide the input command power values/waveforms and to monitor the 

resistances of the SMA wires. 

6. Modular System – It is desirable that this entire power controller system be modular. 

This is to easily expand the system to more number of channels if the applications 

demand so. It is therefore necessary that each functional block of this system be 

modular. A number of modules working together could then make the expansion of the 

power controller system possible. 

3.2. Modular Decomposition 

From the list of functional requirements of the power controller system, several modules can be 

identified based on the functionality. These are as follows – 

1. Processor – This is the module responsible for calculating the duty cycle of the pulse 

width modulated signal 

2. PWM Generator – This module is responsible for generating the pulse width modulated 

signal with the same duty cycle as calculated by the processor 

3. Signal Conditioning and Power Circuitry – This module uses the PWM signal to achieve 

a constant current signal in PWM form with the same duty cycle. 

4. Calibration Circuitry – This module facilitates the automatic calibration process by 

changing the direction of the output PWM from SMA wire to the calibration resistors. 

5. Data Acquisition System – This module measures the voltage across the SMA wire and 

converts it into digital form for the processor to read it. 

6. Software – The software communicates with the processor and provides it with input 

command power value/waveform as desired by the user and reads from it the measured 

voltage across the SMA wire to monitor the resistance. 

Several of the above modules can be put together as these modules are available together 

in the standard components sold commercially. For example, the processor, PWM generator and 
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data acquisition system can all be put together into a standard microcontroller or an FPGA 

based reconfigurable input output (RIO) system. The signal conditioning, power and calibration 

circuitry can be put together into an electronic hardware module. The software installed on a 

generic computer system can be the third module. 

3.3. Selection of the Modular Components 

With the basic understanding of the functional requirements and the modules required 

to achieve those requirements, the several components can be selected. 

3.3.1. Control and Data Acquisition Module 

The options that need to be evaluated for this module are the several commercially 

available microcontrollers or the field programmable gate array (FPGA) chips along with the 

data acquisition systems. 

The standard microcontrollers are equipped with a core microprocessor for calculations, 

one or more clocks, digital inputs and outputs, analog inputs and outputs, analog to digital 

converter (ADC), digital to analog converter (DAC), timing and triggering facilities, etc. Several 

digital outputs and analog inputs available on the microcontroller can be implemented for a 

multi channel power controller. Most microcontrollers feature only one analog to digital 

converter (ADC) for analog to digital conversion. Therefore, when more than one analog inputs 

need to be multiplexed sequentially to the ADC, the conversion from analog to digital form then 

takes place sequentially. In addition, all the commands are processed sequentially by the 

microcontroller. Therefore, the simultaneous execution of power control for several channels is 

not truly simultaneous. Further, there are several features provided in the microcontroller that 

are not useful for the application at hand. 

Field Programmable Gate Arrays, on the other hand, is an integrated circuit that could 

contain millions of logic gates that can be electronically configured to perform certain task. The 

logic gates can be wired and rewired to perform any number of logical tasks that fit into the 

number of gates available. There is tremendous flexibility when it comes to FPGA. The FPGA 

itself is not a complete system. It needs additional hardware in the form of ADC, DAC, data 

acquisition system, flash memory, etc. 
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3.3.2. Electronic Hardware Module 

The electronic hardware module has to achieve following objectives – 

1. Convert the pulse width modulated signal sent by a microcontroller or an FPGA device 

into a pulse width modulated constant current signal, whose constant output current 

value can be set by the user. 

2. Create a provision for calibration mode, in which the constant output current can be 

calibrated as a start up procedure. 

3. Send a voltage measurement across the SMA wire back to the microcontroller or FPGA 

for algorithmic calculations and resistance feedback. 

This necessitates a constant current source that can deliver a preset value of output 

current. This output current then needs to be switched on or off depending upon the PWM signal 

generated by the controller. This can be achieved by turning the input voltage to the current 

source on or off. The input voltage to the current source must be from an external power supply 

that can source the current for all the channels of the system. So, the larger goal of power 

control can be achieved by turning the input voltage to the current source on or off in accordance 

with the pulse width modulated signal generated by the controller. A PWM controlled switch 

can be ideally implemented in this case which when closed connects the voltage from the 

external power supply to the current source. This switch can typically be a MOSFET. However, 

depending on the saturation voltage of the MOSFET, the PWM signal generated by the 

controller needs to be amplified. An operational amplifier can be used for this task. 

 The second objective is to have an adjustable output current that can be automatically 

calibrated. The choice of constant current source plays a major role in implementing the 

adjustments of the output current. Automatic calibration of the set output current can be 

realized by passing the output current through a known calibration resistor on board. It also 

necessitates changing the direction of the current from SMA to the calibration resistors 

depending on whether the system needs to be in operational mode or calibration mode. To 

change this direction, the controller can be used. The controller, using its digital output, can send 

a mode selection signal that controls the direction of the pulse width modulated output current. 
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A set of two switches controlled by a digital line is an ideal solution for this type of application. 

A PhotoMOS relay can be used. 

 The voltage measurement across SMA can be directly fed back to the controller using 

the communication cable. However, most data acquisition systems can handle only a certain 

maximum rated voltage. If the voltage across SMA increases beyond that limit, then the 

hardware gets damaged. Therefore, another operational amplifier is preferred to scale down the 

voltage across SMA. 

 The functional block diagram of the hardware module is as shown in the Figure 11. 

 

Figure 11 Functional Blocks of  Hardware Module 

3.3.3. Software 

The software provides a graphical interface for the user to communicate with the system. 

Developing the software from scratch is not desirable for this application. Commercially 

available software such as National Instruments LabVIEW can be easily implemented for this 



 

25 

 

system. The LabVIEW software needs to communicate with the controller module and the 

hardware module of the power controller system. 

If a microcontroller is selected in the controller module, then the LabVIEW software 

needs a data acquisition system to communicate with it. The analog output on the data 

acquisition system can be used to send out the command power value / waveform. Similarly 

analog input can be used to monitor the voltage across SMA wire and calculate the resistance. 

Instead, National Instruments have a range of Reconfigurable IO (RIO) products that 

feature an FPGA chip together with the data acquisition system in a single package. The FPGA 

chip can be programmed in the LabVIEW software itself. This saves the user from the 

additional programming efforts in the hardware level languages such as VHDL. The FPGA 

module in the LabVIEW software compiles the programs created by the user into hardware 

languages for the FPGA chip. Additionally, LabVIEW software on a computer can directly 

communicate with the FPGA chip via PCI communication bus or by USB communication. 

 

Figure 12 Complete System Schematic 
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At an overall system level, the National Instruments Reconfigurable IO system with 

integrated FPGA and data acquisition is a better option when compared to the off the shelf 

microcontrollers as it simplifies the overall system communication flow, gives a faster 

performance, delivers truly simultaneous processing for all the channels and saves the user from 

hardware level programming efforts. 

Figure 12 shows an overall schematic diagram of the multi channel power controller 

device.  

3.4. Concepts behind controlling power 

The device delivers a pulse width modulated constant current signal to the SMA actuator 

wire. The value of constant current        is pre-set by the user. So, the average value of current 

seen by the SMA actuator is given by  

              (5) 

Where,   is the duty cycle of the PWM. This electric current is responsible for joule heating of 

the SMA wire. Due to the constant current Iset, there is a voltage drop Vpeak across the SMA wire. 

This voltage varies as the resistance varies. The average power seen by the SMA wire from time 

     to       is given by  

 
                  

    

  

 (6) 

Where,      is the pulsing voltage in the SMA wire. The joule heating of the SMA actuator 

brings about the phase transformation and an actuation stroke is obtained. Due to this phase 

transformation and resulting change in strain, the resistance of the SMA actuator varies 

significantly. The change in the resistance is captured by the peak voltage measurement across 

the SMA wire. The peak voltage measurement is the scaled resistance measurement in this case 

because the value of the set current is constant. The average power seen by the SMA wire can be 

further derived as follows – 

 
                 

    

  

 (7) 
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                    (8) 

 

The average power seen by the SMA can therefore be controlled if the peak voltage can 

be measured and the duty cycle   is adjusted after a certain time interval. 

3.5. Algorithm of power control 

The algorithm of power control for operation of any one channel can be summarized as 

follows. 

At time =    

1. Measure the voltage across the SMA wire.  

2. This voltage is in PWM form. Therefore, what we measure is peak voltage of 

PWM,          . 

3. Read the set point power value for time      from host VI,           . 

4. The constant current value is already stored as     . 

5. Using these values, the duty cycle for PWM cycle at time      is given by  

 
        

          

              
 (9) 

At time =       

6. Update the duty cycle for next PWM cycle. 

7. Repeat this sequence. 

The algorithm can be explained as follows. At any given time   , the FPGA board 

outputs a PWM signal using one of its digital outputs. Typically, the frequency of PWM signal is 

selected as 1 KHz. The PWM is generated point by point with a resolution of 1000 points per 

cycle. Concurrently, the FPGA also measures the voltage across the SMA wire, which is in pulse 

width modulated form. The measurement is also done point by point with a resolution of 1000 

points per PWM cycle. The measurements during the high time of the PWM signal are averaged 

out and the peak voltage across the SMA wire is computed. It is stored as          . At the 

same time, the desired set point power is also updated from the host VI and stored as 
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          . The duty cycle for next PWM iteration is then calculated using equation (6). It 

should be noted that the duty cycle calculation uses peak voltage measurement of previous 

iteration. However, since the PWM is updated at a rate of 1 KHz, this delay of a single iteration 

does not significantly affect the performance of the power controller. 

In addition, the host VI constantly monitors the values of the peak voltage       and 

the duty cycle  . Therefore, the instantaneous resistance of the SMA wire can be obtained as  

 
      

         

    
 (10) 

Also, the actual tracked power in the wire can be obtained as  

                             (11) 

This value of actual power can be compared to the set point power to see the tracking 

effectiveness of the power controller. 

3.6. Complete Overview of the System 

In this section, the entire multi-channel power controller project has been summarized in a 

graphical format. 
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Table 1 Overview of  the Multi-Channel Power Controller 

Operating Principle 

- Pulsed Electric Current 

- SMA „sees‟ average current 

- Controlling duty cycle 

controls the average power. 

- Section 3.4 and 3.5  

Electronic Hardware Module 

- Electronic Circuit that 

converts input PWM to PWM 

current signal 

- Section 4.2 

 

System Integration 

- The integration of electronics 

with FPGA controller and  

LabVIEW software 

- Sections 4.1 and 4.3 
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Table 1 Continued 

Algorithm 

- The algorithm that runs on the 

FPGA controller 

- Calculates the duty cycle based 

on voltage measurement across 

SMA 

- Section 3.5 and 4.1.5 

 

 

Standard Operational 

Procedures 

- System Fine Tuning 

- For accurate measurements 

and power control 

- Section 6.3 
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Chapter 4 Implementation 

This chapter discusses the details of the implementation of all the modules of power controller 

system. 

4.1. Controller Module Implementation 

The National Instruments PCI-7833R card acts as the controller module of this system. 

This card consists of an intelligent data acquisition system with multiple digital and analog I/O 

lines that can be custom configured for an application specific operation with an onboard FPGA 

chip. The FPGA chip is user programmable using the simplistic LabVIEW block diagrams in 

the LabVIEW FPGA module. The program created in LabVIEW executes on the hardware 

which ensures direct control over all I/O signals, controlled synchronization and timing of 

signals, customized onboard programmed decision making with speed, reliability and parallel 

execution on FPGA. 

4.1.1. Hardware  

Figure 13 shows the block diagram of the NI PCI-7833R card. The card is designed to 

use with a standard PCI slot in a personal computer system. The hardware mainly consists of 8 

analog input channels, 8 analog output channels, 96 bidirectional digital I/O lines that can be 

configured as either inputs or outputs and a Virtex-II XC2V3000 FPGA chip. Each analog input 

channel has its own analog to digital converter (ADC) with 16 bit resolution. Similarly each 

analog output has its own digital to analog converter (DAC) with 16 bit resolution. Having 

dedicated ADC‟s and DAC‟s per channel facilitates independent timing and triggering of the 

channels. This is particularly important in a multi channel power control application for SMA 

wires. In addition, flash memory and a bus interface are available onboard. The FPGA does not 

retain the program once its power is turned off. Therefore, the program is stored in the flash 
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memory and it is loaded into FPGA at power on. The bus interface is used by the software to 

communicate with the card. The FPGA program can also be loaded from the software via bus 

interface. 

 

Figure 13 Block Diagram of  NI PCI-7833R [23] 

4.1.2. I/O Resource Allocation 

Table 2 I/O Resource Allocation 

Channel PWM Out Mode Selection Signal Voltage Measurement 

1 DIO1 DIO11 AI1 

2 DIO2 DIO12 AI2 

3 DIO3 DIO13 AI3 

4 DIO4 DIO14 AI4 

5 DIO5 DIO15 AI5 

6 DIO6 DIO16 AI6 
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For each channel of the power controller, two digital output lines and one analog input 

line is necessary. For the purpose of this work, we develop a six channel power controller 

system. The Table 2 summarizes the allocation of the digital and analog I/O lines for the 

respective channels. 

4.1.3. FPGA Programming 

On the FPGA chip, the current calibration and the power control algorithm needs to be 

executed. These algorithms are discussed in section 3.5. Either of these two algorithms is 

selectively loaded on to the FPGA chip and executed. Both algorithms are programmed in the 

LabVIEW software using block diagrams. The FPGA module in the LabVIEW software is used 

for this purpose. The block diagram in the LabVIEW is compiled into the Hardware Device 

Language (HDL) and a „bitfile‟ is created. This bitfile is then transferred to the FPGA.  

 One of the important considerations in the FPGA programming is that it can only be 

programmed with integers in the LabVIEW 8.5 software. Therefore, all the logic, calculations 

and the decision making needs to be converted into integer format. In addition, the user also 

needs to make sure that the input variables sent to the FPGA chip are in integer format. 

Similarly, the variables monitored during the operation are also in integer format. These need to 

be scaled by a suitable factor to be comprehended as relevant measurements. 

It is clear that in order to use the FPGA device effectively in a lab setup, another 

software program is necessary for higher level monitoring and control. This program is also 

implemented in the LabVIEW software and it is called as „host VI‟. The host VI performs 

several top level control tasks such as - loads the relevant program on to the FPGA chip, triggers 

the start of the program, sends the values of input variables in integer format, reads the output 

variables and converts them into the desired scale, plots the data in real time, etc. The user can 

therefore have complete control over the custom configured FPGA device. 

However it should be noted that the host VI in the LabVIEW environment is not a 

necessity. The functionality in the host VI can be programmed directly on the FPGA chip. The 

top level control and monitoring feature is eliminated in that case.  
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4.1.4. Current Calibration Program on FPGA 

The current calibration program is implemented as shown in the flowchart in Figure 14. 

The purpose of this program is to pass the current through the calibration resistor for a short 

period of time and measure the voltage across it. The measured voltages is then stored in a 

variable. This exercise is repeated for all the channels. The measured voltages are then read by 

the host VI. It converts these voltages to suitable scale and divides them by the known values of 

calibration resistors to find the current delivered by the channel. 

 

Figure 14 Current Calibration Program  - Flowchart 
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Once this program loads into the FPGA, it waits for a start signal from the user 

controller software on the host computer. As soon as the host software sends a start signal, the 

program turns off the PWM generation digital outputs for all the channels (DIO 1-6). This is to 

make sure that initially no channel is delivering the output current signal. Then, all the mode 

selection digital outputs are turned on (DIO 11-16). This implies that all the channels are 

switched to the calibration mode. Therefore, the output current signal generated by the current 

source is directed to the calibration resistors. Then the program turns on the digital outputs used 

for the PWM generation, one channel at a time. It is to be noted that in this program, the digital 

outputs so not actually generate PWM. These outputs only send a high signal to their respective 

channel. This causes the circuitry in the hardware module to deliver a constant current signal to 

the calibration resistor. The FPGA then measures the voltage across this calibration resistor 

through the respective analog input. Since the analog inputs and the A to D conversion in the 

data acquisition system has an error associated with it, therefore the voltage across the 

calibration resistor is measured 20 times at an interval of 5µs. The ADC associated with the 

particular analog input converts the voltage from -10 to 10V scale to a 16 bit number between -

32768 to 32768. The 20 measurements are then averaged and the average is stored in a variable 

on the FPGA device. When this calibration procedure is repeated for all the six channels, six 

values of the measured voltage across the known calibration resistors are available. The host VI 

then reads these variables and calculates the current delivered by each channel. 

4.1.5. Power Control Program on FPGA 

The power control program is executed as shown in the flowchart in Figure 15. The 

primary purpose of this program is to calculate the duty cycle of the PWM signal for each 

channel in such a way that the measured power across the SMA wire is equal to the command 

power set by the user. This program requires several inputs from the host VI created for the 

user. These are as follows – 

1. Values of constant output current for all the six channels calculated using current 

calibration program (discussed earlier). 

2. Values of the six channel enablers (True or False) to decide which channels are actually 

operational and which ones are not. 
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3. Value of the command power for each channel. Depending upon the form of the 

command power desired in the SMA wire, this value can be constant or changing with 

time. 

Along with these inputs, the host VI also monitors the voltage measurements taken by 

the FPGA. The voltage measurement is used to calculate the actual measured power and the 

resistance of the SMA wire connected to each channel. 

Once the power control program loads into the FPGA chip, it turns off all the digital 

outputs used for the PWM generation. This is only to make sure that no current flows through 

the SMA wires connected to the six channels of the system. Also, the program initializes the 

variables to their default values. Once the initialization is complete, the program waits until it 

receives a „start controller‟ command from the host VI. While the program on the FPGA is 

waiting for the „start controller‟ command from the host VI, it is possible for the host VI to alter 

the values of several variables on the FPGA chip. The host VI updates the values of channel 

enablers and constant output current for all the channels. After these values are updated, the 

host VI sends the „start controller‟ command to the FPGA. 

 The FPGA program then enters a loop. In this loop, the power control program 

repeatedly performs following tasks – 

1. Generates up to six different PWM signals using six digital outputs on the data 

acquisition system. 

2. Measures the voltages (in PWM form) across the six SMA wires connected to six 

channels. 

a. Measures the peak voltages of the six PWM measurements from six SMA wires. 

b. Measures the average voltages of the six PWM measurements from six SMA 

wires. 

3. Uses the peak voltage measurements to calculate the duty cycles of the six PWM signals. 

4. Checks if the host VI has sent a „stop controller command‟. 

5. If the „stop controller‟ command is not received, the loop repeats with the generation of 

next cycle of the six PWM signals with updated values of the duty cycles. 
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Figure 15 Power Control Program - Flowchart 

The FPGA program generates PWM signal for a channel only if the channel is enabled 

by the user in the host VI. The frequency of the PWM signals for all the channels is chosen to 

be 1 kHz. The generation of the PWM signal for all the channels takes place in a similar manner. 

The PWM generation process is explained for one channel. 
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The generation of PWM signal takes place „point by point‟ method. This means that a 

timed loop executes at a fixed time interval for a fixed number of iterations and sets the digital 

output „high‟ or „low‟ in each iteration. One point on the PWM signal gets defined as either 

„high‟ or „low‟ after each iteration of the loop. The time interval between the iterations and the 

number of iterations define the frequency of the PWM signal whereas the number of iterations 

in which the digital output is set to „high‟ is the duty cycle of the PWM signal. In the NI PCI-

7833R card, all the digital inputs can switch between „high‟ and „low‟ as fast as 40 MHz. 

However, the analog inputs can only sample the voltage measurements at 200 kHz. Since the 

power controller application requires that the generation of PWM signal and the measurement 

of voltage across SMA wire be simultaneously done, the sampling rate of the analog inputs limit 

the PWM generation rate to 200 kHz. Since the desired frequency of the PWM signal is 1 kHz, 

the PWM generation loop can run 200 times at an interval of 5µs. Note that the time interval of 

5µs is defined by the limiting sampling frequency 200 kHz. Sampling at a maximum of 200 kHz 

means that one voltage measurement can be taken at an interval no less than 5µs. Since each 

voltage measurement is to be coordinated with the PWM point generation, therefore each point 

on the PWM is generated every 5µs. Further, to achieve the desired frequency of 1 kHz, the 

point generation is repeated 200 times at an interval of 5 µs, making the period of the PWM 

signal 1ms. Figure 17 shows the LabVIEW FPGA block diagram to generate the PWM for one 

of the channels. 

 

Figure 16 PWM Signal - Point by Point Generation 
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The code uses DIO1 for generating the PWM signal for channel 1. Throughout the 

PWM generation process, DIO1 is always set „true‟ by performing a logical AND operation with 

the channel enabler 1 variable. By performing this operation, it is made sure that the PWM is 

generated only if the channel is enabled by the user. It is seen that, the code generates the first 

point of the PWM cycle. Then there is a delay of 5µs and then a „for‟ loop executes 199 times at 

an interval of 5µs. This separation of the first point of the PWM from the remaining 199 points 

is intentionally done because the generated PWM signal is sent to the hardware module where 

the signal triggers the constant current through the SMA wire. The voltage across the SMA wire 

is then simultaneously measured in the same loop. It is seen that the measured voltage signal has 

a certain rise time and an overshoot before it settles down to a stable plateau. The time required 

for the same is experimentally observed to be ~4µs. Therefore, the first point on the PWM 

signal is generated outside the „for‟ loop. Inside the „for‟ loop, the generation of each point on 

the PWM is associated with a voltage measurement. 

 

Figure 17 PWM Generation - LabVIEW block diagram 

At the end of the „for‟ loop, two voltage measurements are made available. The first one 

is the peak voltage measurement and the other is the average voltage measurement. The peak 

voltage measurement is the mean of all the voltage measurements taken during the „high‟ portion 

of the PWM cycle. The average voltage measurement is the mean of all the voltage 

measurements taken during the PWM cycle. The peak voltage measurement is sufficient for all 

the computation purposes. However, the average voltage is available as a redundant 

measurement to calculate the measured power in the SMA wire. 
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After one cycle of the PWM signal is generated and the two values of measured voltage 

are available, the program calculates the duty cycle for the next cycle of the PWM signal. It uses 

the command power value updated by the host VI, constant output current value set at the start 

of the program and the latest value of the measured peak voltage to calculate the duty cycle. The 

duty cycle is usually expressed as a percentage. However, since each PWM cycle consists of 200 

points; the calculation of duty cycle in this program should yield a number between 0 and 200. 

This number is called „Active Points‟ in the program. Further, the voltage measurement across 

the SMA wire is converted by the 16 bit ADC to a number between -32768 to 32768. The 

FPGA program has to be written in such a way that all the calculations are performed on 

integers. In order to accomplish the integer math and end up with the number of active points 

between 0 and 199, following mathematical manipulations are made. 

1. The actual voltage measurement is expressed as an integer between -32768 to 32768. -

32768 and 32768 represent the full scale voltage of -10V and 10V respectively. So the 

ADC scales the actual measured voltage by a factor of 32768/10. 

2. In the host VI, the constant output current value is multiplied by 1000 and then 

communicated to the FPGA. Due to this, the floating point value of the current is 

converted to an integer. (for example, 0.1 A becomes 100) If this scaling is not done 

then FPGA will round up all the current values between 0 A and 1 A to 0 A. 

3. The duty cycle of the PWM is theoretically calculated using the formula  

 
        

              

                 
 (12) 

This formula yields a floating point number between 0 and 1. 

4. Since the values of current and the peak voltage in the equation (12) are scaled by 1000 

and 32768/10 respectively, the command power also needs to be scaled by the same 

factor. The host VI therefore pre-multiplies the command power value by 3276800 and 

then communicates it to the FPGA. 

5. The final value of the number of active points is expected to be between 0 and 200. 

Therefore, the quotient in the equation (12) is multiplied by 200. The manipulated 

formula is 
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(13) 

The program calculates the number of active points for all the channels. The main power 

control loop then repeats. For each enabled channel, the PWM cycle is again generated using the 

updated value of active points. 

4.1.6. Calculated Examples 

This example demonstrates the calculation of the number of active points of a PWM 

cycle for power control application. Consider the output current of 0.1 A being passed through a 

resistive load of 50 ohm. The peak voltage measurement is 5 V. If the user desires to dissipate 

0.4W of electric power through this resistive load, then the number of active points can be 

calculated by using the equation (13) 

 
                    

           

            
       

   
         

(14) 

Therefore, if the active or „high‟ portion of the PWM signal is 160 points or 80%, then the 0.4W 

of average power will be seen in the resistive load. 

 Now, if the user desires to dissipate 1 W of electric power through this resistive load, 

then the number of active points can be calculated as  

 
                    

         

            
       

   
         

(15) 

The number of active points to achieve 1 W power comes out to 400. However, each cycle of 

the PWM can only generate 200 points. Therefore, the maximum number of active points that 

can be achieved in the PWM signal is 200, at which the signal does not pulse anymore. It 

becomes a DC voltage signal. The value of number of active points therefore needs to be 

capped at 200 points. When the calculated number of active points exceeds 200, the PWM signal 

is said to be „saturated‟. 

 If the user desires to dissipate 0W power in the resistive load, then the number of active 

points to achieve the same is calculated as  
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(16) 

Zero number of active points means that there will be absolutely no current signal passing 

through the resistive load and therefore, there will not be any power dissipated across it. 

However, it also means that there cannot be any voltage measurement taken across the load. 

4.1.7. Limiting Values of Active Number of Points 

While calculating the number of active points, it is seen that there can be two extreme 

situations that are undesirable for the operation of power controller system. These are – 

1. The number of active points exceeds 200 

2. The number of active points is 0. 

In the first case, the calculation exceeds 200 when the combination of the selected 

output current and the resistive load reaches its maximum limit of power dissipation. If the user 

commands a power that is greater than the maximum limit, the number of active points exceeds 

200. The maximum power dissipation limit for a selected output current and resistance is called 

the „saturation power‟. For all the values of command power greater than saturation power, 

actual measured power is the saturation power. 

In the second case, when the commanded power is zero, the active number of points is 

also zero. This is undesirable because of there are no active points on the PWM cycle, no voltage 

measurement is available across the load. This results in the erroneous calculation of duty cycle 

and the loss of resistance measurement. 

In order to overcome these two situations, the maximum and minimum bounds of the 

number of active points are set. The PWM generation loop repeats 199 times and therefore, the 

maximum cap is 199 and the first point is generated is outside the loop. A variable „Minimum 

Active Points‟ is created for each channel of power controller. This variable defines the 

minimum value of active points on the PWM. The value of minimum active points has a 

significant impact on the performance of the power controller. The minimum number of active 

points causes the output current to flow through the resistive load. This dissipates certain 

amount power in the load even though the commanded power is zero. Therefore, there is a 
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minimum power dissipation associate with the minimum number of active points. The value of 

the minimum power dissipation increases with increase in the values of minimum active points, 

output current and the resistance of the load. The minimum number of active points also 

determines the quality of mean peak voltage value. For example, if the number of minimum 

active points is set to 5, then, for zero command power, the value of peak voltage across the 

load is obtained by taking a mean of 5 measurements. For a non-zero higher command power, 

the number of active points can be much more than 5. Therefore, the peak voltage value is 

obtained by taking a mean of larger number of measurements. The difference in averaging these 

two values of peak voltages is reflected in the resistance measurements. It is observed that the 

resistance measurement is noisier when a particular channel delivers minimum number of active 

points in the PWM cycle as compared to the resistance measurement when the same channel is 

delivering a larger number of active points in the PWM cycle. This is further explained in depth 

in Chapter 5. 

4.2. Hardware Module Implementation 

The hardware module is a custom designed electronic circuit for this system. The 

function of the hardware module is to convert the PWM signal generated by the FPGA in to a 

PWM constant current signal of the same duty cycle and deliver it to the SMA wire. It is 

desirable to have several channels on the same circuit board. The most recent prototype of the 

power controller system implements the hardware module on a multi-layer printed circuit board. 

It comprises of the input connector for external DC power supply, the circuitry for three 

channels, power output connectors for connecting the three SMA wires and a DSUB25 

connector to connect the communication cable between the hardware module and the controller 

module. Figure 18 shows the circuit diagram for a hardware module. The circuit diagram for 

channel 1 is shown in detail. The same circuit repeats several times for the other channels. The 

multiple pins of the DSUB25 connector are used to transmit or receive the channel specific 

signals. In particular, each channel has four signals to be communicated between the data 

acquisition system and the hardware module. These are – PWM signal generated by the FPGA 

card, mode selection signal, the measured voltage signal and the ground reference. 
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Figure 19 shows the schematic signal flow through a channel on the hardware module. 

The transition of the input PWM signal generated by the FPGA to the pulsing current signal in 

the SMA wire is depicted. In the subsequent sections, the details of each component on the 

hardware module are discussed. However, the Figure 19 helps in getting a larger picture of the 

functionality of the hardware module. The transition of the signal can be observed at five key 

points on the hardware module. These are – input PWM from the FPGA, amplified PWM from 

the output of the operational amplifier, pulsing voltage signal at the output of the MOSFET, 

pulsing current signal delivered to the SMA wire at the output of the constant current source 

and the inverted and the scaled down voltage measurement connected to the FPGA at the 

output of the operational amplifier. These signals are actually observed on the hardware module 

using a Tektronix oscilloscope and the data is recorded by interfacing the oscilloscope and a 

computer using LabVIEW software. Figure 20 shows the plots of the transition of PWM signal 

at the five key points on channel 1 on the hardware module. A load resistor of 20 ohm is 

connected to the channel. The output current is set to 110mA. The DC voltage source is set to 

deliver ±15 V to the hardware module. 
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Figure 18 Circuit Diagram of  Hardware Module 
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Figure 19 Schematic of  Signal Flow through a channel on the Hardware Module 
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Figure 20 Probe Readouts at 5 Points on one of  the channels of  the Hardware Module 

4.2.1. Operational Amplifier 

The function of this operational amplifier is to amplify the pulse width modulated 

voltage signal from the FPGA. The input amplitude is 3.3V. This signal needs to be amplified so 

that it can switch a MOSFET. In order to achieve reliable switching, the voltage is amplified as 
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much as possible. The op amp is setup in non inverting configuration with a gain of ~15. Due to 

this gain, the op amp amplifies the voltage to the saturation limits.  

The selection of the op amp for amplifying the PWM signal has only one main criterion. 

The op amp should be capable of handling supply voltages up to ±40V. Texas Instruments 

OPA445 is a high voltage FET-input operational amplifier that is capable of operation from 

power supply voltages of up to ±45V. In addition, it features high slew rate and wide power 

bandwidth response that is often required for high-voltage applications. TI specifies this 

component for typical applications in test equipment, high voltage regulators, power amplifiers, 

data acquisition, signal conditioning, etc. [24] The OPA445 comes in several standard packages 

such as TO-99, DIP-8 and SO-8. For the power controller prototype, the DIP-8 package is 

selected. Figure 21 shows the component block diagram and pin-outs of OPA445. 

 

Figure 21 Operational Amplifier - OPA445 [24] 

The saturation limits of the OPA445 are usually 1 V less than the supply voltage. For 

example, if the supply voltage is 15V, then the saturation limit of the op amp is 14V. Therefore 

the PWM signal with 3.3V peak is amplified to 14V peak. The circuit diagram in the non 

inverting configuration is shown in the Figure 22. The gain of the op amp in this configuration is 

given by 
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Figure 22 OPA445 op amp in non-inverting configuration 

4.2.2. MOSFET as a Switch 

The PWM signal generated by the FPGA and the amplified PWM signal by the op amp 

are both low current signals. These signals cannot power the SMA wire directly. These can only 

be used as control signals to switch a power source on or off. Therefore a switch is necessary 

which has a positive supply voltage at its input and the remaining circuitry at its output. 

 Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is used for switching 

purpose. Enhancement type N-channel MOSFET is most common in this type of application.  

A MOSFET is a three terminal component, three terminals being called as the gate, the drain 

and the source. In this application, the gate is connected to the amplified PWM signal that acts 

as a control signal. The drain is connected to the positive power supply voltage and the source 

acts as the output of the switch. Based on the control signal voltage, the MOSFET switches the 

positive voltage from the power supply on or off. A MOSFET is commonly used in the high 

current driving applications (such as switching power supplies). This is because a very small 

current is required at the gate of the MOSFET for switching to occur. The selection of 

MOSFET is based on its drain current, drain to source voltage and gate to source threshold 
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voltage ratings. The MOSFET should be capable of passing the desired current from the drain 

to the source. The gate to source threshold voltage determines the voltage at which the 

switching actually occurs. Figure 23 shows the block diagram and the pin-outs of the 

MTP10N10EL MOSFET. This MOSFET is N-channel MOSFET with a rated drain to source 

voltage of 100V and rated drain current of 10A. 

 

Figure 23 MOSFET - MTP10N10EL [25] 

4.2.3. Current Source 

The switching voltage from the external power supply acts as an input to a current 

source. The function of the current source is to provide a constant current signal when its input 

voltage is turned on. The constant current is then delivered to the SMA wire. Several electronic 

circuits are available in the literature that can be used as current sources. The criterion for 

choosing the current source is the range of current values desirable in the power controller 

application. In this power controller system, the desired range of current output is from 50mA 

to 500mA. It is also desired that the current values be easily adjustable in steps of 50mA to 

60mA, so that 9 to 10 different values of output current can be achieved. 

One of the simplest ways to achieve a constant current source is by using the LM117K 

voltage regulator in the configuration as shown in Figure 24. The input of the LM117K comes 

from the MOSFET. By design, the LM117K provides an internal reference voltage of 1.25 V 

between the „output‟ and „adjust‟ terminals. If a potentiometer with value     is connected 
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between the output terminals, we obtain a constant current source that can drive the SMA 

actuator. The amount of supply current is regulated between 10mA and 1.5 A by adjusting the 

potentiometer. [26] 

 
         

    

  
 (18) 

Thus, a pulse width modulated constant current signal is obtained and is sent to the SMA 

actuator wire. With varying resistance of the wire, the LM117K regulates the voltage to maintain 

the set constant current. 

 

Figure 24 LM117K - as a Current Source 

The use of potentiometer to adjust the constant value of output current is inconvenient 

for a user. It requires that the potentiometer be removable from the printed circuit board for 

tuning and knowing the value of resistance. Also, there is always an uncertainty over the 

accuracy of the value of the resistance set on the potentiometer and therefore the accuracy of 

value of the output current. Further, the output current has to flow through this potentiometer 

and therefore there is somewhat high power dissipation across it. All of this calls for another 

mechanism where the output current can be easily set by the user. The variable resistance is a 

must in order to obtain a number of different output currents that can be optimized for 

different heating applications. 

 Figure 25 shows the modified current adjustment setup. The potentiometer is replaced 

with a resistor network and DIP switches. Each resistor in the network is 22Ω. As the switches 

are turned on, the resistors add up in parallel. Therefore, the resistance between the VOUT and 
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the ADJ loop keeps reducing, which results in increase in the value of the output current. Also, 

as the value of the output current increases, the number of resistors in parallel also increases. 

Therefore, the current flowing through any one resistor remains the same, thus keeping the 

power dissipation across it in specified limits. This setup enables the user to set the output value 

of current by turning on a few switches. The only downside of this setup is that the output 

current values are obtained at a fixed interval. The value of the resistance in the network 

determines the interval. If R is the resistance of each resistor in the network and if N switches 

are turned on then the output current is given by 

 
         

      

 
 (19) 

 

Figure 25 LM117K with Output Current Settings 

4.2.4. PhotoMOS Relay 

The pulsing current signal is the output of the constant current source. This signal needs 

to be directed either to the SMA wire for actuation purpose or to the calibration resistor for 

calibration of the constant current. The selection of the direction needs to be controlled by the 

FPGA board using a digital output. This functionality is achieved by using a PhotoMOS Relay. 

The selection of this component is based upon the voltage and current ratings. For the purpose 

of power controller hardware, it is desirable to have the PhotoMOS relay rated for at least 500 

mA current at 50V. The input current required to light the LED is also important. Since a digital 
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output of the data acquisition is to be used for operation of this PhotoMOS, the required input 

current should be less than 5mA. 

It is used to switch between the „operation mode‟ and the „calibration mode‟. Figure 

shows the block diagram of the PhotoMOS relay being used in this hardware module. It is a 

Panasonic AQW612EH package that consists of one normally open switch and one normally 

closed switch. [27] Both the switches have their own photo diodes. Therefore each switch can be 

operated separately. However, for the purposes of the application, it is desirable to have only 

one signal do the switching. The PhotoMOS relay is therefore put in a configuration as shown in 

Figure 26. The normally closed switch is used for the „operational mode‟ and therefore the SMA 

wire is connected to its output. The normally open switch is used for the less frequently used 

„calibration mode‟ and therefore a calibration resistor is connected to its output. 

 

Figure 26 PhotoMOS Relay Circuit [27] 

 When a digital high signal is sent from the FPGA card, the resistor in series draws a 

nominal current of less than 5mA from the digital output port and turns on both the photo 

diodes. This changes the direction of both normally open and normally closed switch. Therefore 

the output of the constant current source can be directed towards the SMA wire or the 

calibration resistors. More details on the operational mode and calibration mode are presented in 

the next section. 

4.2.5. Output Operational Amplifier 

 The voltage across the SMA needs to be measured and fed back to the FPGA for 

calculation of the duty cycle. However, the data acquisition system can only read voltages from -
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10V to 10V. Therefore, depending upon the application, the voltage across SMA wire needs to 

be scaled down before it can be fed back to the FPGA card. This is done using an operational 

amplifier. The operational amplifier is set in an inverting configuration. The op amp used for 

this purpose is, again, Texas Instruments OPA445AP. The description of this component is 

already detailed in section 4.2.1.  

It is intended to cover a wide range of load resistance and output current values using 

this power controller system. At the same time, reasonable accuracy of power control and 

resistance measurement needs to be maintained for all the values of output current. The gain of 

this operational amplifier plays an important role in determining the accuracy and the precision 

of the power control and the resistance measurement. After careful study of the desirable 

applications of this system, the value of this gain is set to 1/3. Since the op amp is in inverting 

configuration, it not only scales down the voltage but also changes its sign to negative. However, 

since data acquisition system on the FPGA card is capable of reading in voltages from -10V to 

10V, the inverted voltage reading is not a problem. The selection of the gain value of 1/3 limits 

the output voltage drop across the SMA wire to 30 V. This is one of the most important 

absolute maximum ratings of the system. 

Table 3 Summary of  Hardware Components 

Sr. 
No. 

Component Make/ 
Model 

Description 

1 FPGA with 
DAQ system 

National Instruments  
PCI 7833-R 

Acts as a central processing unit 

2 Operational 
Amplifiers 

Texas Instruments 
OPA445AP 

Steps up/down the voltage 

3 MOSFET ON Semiconductor 
MTP10N10EL 

Acts as a switch between DC power 
supply and current source 

4 Current Source ST Microelectronics 
LM 117K 

Delivers set constant current to the 
SMA wire 

5 PhotoMOS Relay Panasonic 
AQW612EH 

Used for switching between operation 
mode and calibration mode 

 

Table 3 summarizes the hardware components used for the implementation of the power 

controller system. 
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4.3. Software Implementation 

The software is necessary for the user to have a graphical interface with the system so 

that the command power can be prescribed for SMA wire and the resistance changes can be 

monitored. This is possible with the host VI on LabVIEW software. The general structure of 

this VI is shown in the Figure 27. 

 

 

Figure 27 Structure of  Host VI 

When the program is run, the FPGA card is referenced and the desired program is executed. 

The first process that is called is the current calibration process. This is needed to calibrate the 

value of the output current being delivered to the SMA wire. Once the current values for all the 

channels are calibrated, they are stored in the host VI. The next process is the initialization 

process. In this, the stored values of currents are sent to the FPGA chip. In addition, the 

parameters such as the value of minimum duty cycle, internal parasite resistances, etc. are 

initialized. Then the power control process is called on the FPGA chip. Once the power control 

process is started, the host VI generates the desired waveform for the prescribed command 

power. The FPGA chip reads in the values sent by host VI, calculates the duty cycle of the 

PWM based on constant output current and the voltage measurement and sends out the PWM 

signal to the hardware module. 
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4.4. Prototype PCB 

The hardware module discussed in the section 4.2 was initially implemented on a 

breadboard. The breadboard prototypes of circuits are usually good in the initial phases of the 

development. Basic functionality of the circuit can be tested. However, several issues were noted 

in the breadboard version of the circuitry. These included – 

1. Loose contacts – The jumper wires on the breadboards tend to come out occasionally 

creating loose electrical contacts between components. 

2. Unstable Current Calibration – The current value delivered by the constant current 

source is dependent on the resistance connected between its „output‟ and „adjust‟ 

terminals. On the breadboard, this resistance tends to vary due to the variation in the 

contact resistance. The output current value is very sensitive to these changes. Therefore, 

the current calibrated on the breadboard prototype tends to show variations from 

experiment to experiment. 

3. Loss in regulation – The LM117K voltage regulator is a TO-3 package. It needs to be 

firmly mounted so that the physical disturbances do not affect its performance. Doing so 

on a breadboard was complicated. This resulted in occasional loss of regulation. 

4. Grounding Issues – The breadboard does not have a uniform ground plane. The SMA 

wire connected to each channel needs to be grounded at the same potential value. It is 

very difficult to achieve this on a breadboard circuit that inherently has stray resistances, 

inductances and capacitances. Non uniform grounding can lead to ground loops and 

cross talk between the channels. 

In order to have robust functioning of the circuitry, a multi layered printed circuit board is 

designed. Circuitry for 3 channels is accommodated on a PCB of 160mm × 100mm. The PCB 

has four layers –  

1. Top Layer – For Signal Routing (with lower current) 

2. Internal Layer 1 – For Ground Plane 

3. Internal Layer 2 – For Power Plane 

4. Bottom Layer – For Signal Routing (with higher current) 
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Several aspects of PCB design are carefully examined for the application at hand such as – 

1. Separation of digital and analog signals 

2. Separation of ground plane for digital and analog domain 

3. No routing of signals on the layer consisting of ground plane 

4. Avoidance of long traces for analog signals 

5. Use of decoupling capacitors at all the power pins of analog components 

6. Use filter circuit at the power inlet of PCB 

 

Figure 28 Electronic Hardwaee Module - PCB 

The assembled PCB is shown in the Figure 28. This PCB contains circuitry for channels 1, 2, 3. 

Similar PCB‟s can be added to expand the system to more number of channels. Chapter 5 

describes the testing and validation process for the six channels of the power controller system. 
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Chapter 5 Testing, Validation and 

Performance of the Power Controller 

In this chapter, some of the validation tests and measurements taken on the multi-channel 

power controller system are documented.  

5.1. Testing Scheme 

The testing and validation process is done in four phases. In the first phase, a known 

fixed resistor is used for testing the power control and resistance measurement performance of 

each channel individually. Each of the six channels is tested with a 20 ohm and 50 ohm 

resistance one after the other. All the nine values of output current are tested. For each value of 

output current, there is a maximum value of power that can be reached. It depends on the 

resistance of the load. For each value of the current, two values of peak power amplitude are 

selected. These two values are such that the duty cycles corresponding to the peak power are 

~30% and ~75%. For each value of peak power, pulse input (that alternates between maximum 

power and zero power) and ramp input (that linearly increases with time to maximum power) are 

commanded. The power tracking and resistance measurement performance of the system is 

recorded. Since these tests are repetitive, the plots and performance charts of a randomly 

selected channel (Channel 2) are presented in this document. The performance charts of the 

remaining channels are documented in the Appendix A. 

In the second phase, three similar fixed resistors are connected across the three channels 

and the performance of the device is documented for simultaneous operation of the multiple 

channels. Since the system is meant to be used for multiple SMA wires, documenting the multi 

channel performance is important. Channel 1, 2 and 3 is connected with a 17.4ohm resistor. The 

system is tested for pulsing power input at all the values of output current. The pulsing power 
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cycle for each channel is commanded with a phase difference with respect to other channels. 

This helps in studying the effect of cross talk between the several channels. 

In the third phase, an SMA wire is connected across a channel and the behavior of SMA 

wire is studied for several values of power amplitude and actuation frequencies. 

Finally, in the fourth phase, the tests are taken with six SMA wires connected to the 

device. A test setup is created with multiple SMA wires and springs. All the six wires are actuated 

at the same time and their resistance measurements are taken. At the same time, the position 

data is also collected using a vision system. The correlation between the resistance of the wire 

and the position can then be derived. 

5.2. Testing Each Channel with Fixed Resistors 

5.2.1. Test Setup and Test Conditions 

Initially, a 20 ohm fixed resistor is connected to the Agilent precision multi-meter. The 

resistance of the resistor is measured to be 20.15 ohm. This resistor has a power rating of 30W. 

The high power rating ensures that there is no effect of the high magnitudes of the peak power 

on the resistance of the resistor. The resistor is then connected to each channel of the power 

controller system one after the other. At each channel, the nine values of output current and for 

each current, two values of peak power are tested. The plots of power tracking and resistance 

measurement are presented in the next section. 

For each combination of the output current and resistance, the supply input voltage is 

optimized such that the increase in the junction temperature of the constant current source has 

minimal effect on the resistance measurement. The increase in the junction temperature is causes 

due to the heat dissipated in the component. Increase in the junction temperature causes the 

current source to lose its voltage regulation and therefore the constant current delivery to the 

output load is lost. This phenomenon is explained further in the discussion of the results. 

5.2.2. Results and Discussion 

Since the validation tests and its results are repetitive in nature, the detailed discussion of 

results obtained from channel 2 is presented in this document.  
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Figure 29 Measurements for 0.055A Current and 0.02W Peak Power 

 

Figure 30 Measurements for 0.055A Current and 0.05W Peak Power 
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Figure 31 Measurements for 0.111A Current and 0.07W Peak Power 

 

Figure 32 Measurements for 0.111A Current and 0.2W Peak Power 
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Figure 33 Measurements for 0.326A Current and 0.6W Peak Power 

 

Figure 34 Measurements for 0.326A Current and 1.6W Peak Power 
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Figure 35 Measurements for 0.48A Current and 1.3W Peak Power 

 

Figure 36 Measurements for 0.48A Current and 3.5W Peak Power 
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Figure 29 and Figure 30 show the power tracking and resistance measurement from the channel 

2 at 0.055A output current. In Figure 29, the maximum power amplitude is 0.02W and in Figure 

30, it is 0.05W. Some of the observations that can be made from these plots are as follows. 

1. The power tracking at peak amplitude is better than that at the zero amplitude. There is a 

minimum remnant power being measured at all times. 

2. The tracking error (in Watt) shows a repetitive behavior. The error is close to zero when 

the command power is at its peak value. It spikes to a maximum value whenever the 

command power switches between the peak value and zero and the error has a certain 

non zero value when the command power is zero. 

3. The resistance measurement too shows a cyclic behavior that is closely related to the 

command power. The resistance measurement shows an alternating smooth and noisy 

plot. It can be seen that when the command power is at its peak, the resistance 

measurement is smooth and when the command power reaches zero, the resistance 

measurement is noisy. 

4. In general, the resistance appears to be at a certain offset from the expected resistance 

value. 

5. The active points (or the duty cycle) alternate between a maximum value and a minimum 

value. This is the duty cycle of the PWM signal that controls the power dissipation in the 

resistive load. 

The power controller algorithm is programmed to deliver a minimum duty cycle of the 

PWM signal at all times. This, as explained earlier, is called „minimum number of active points‟. 

In the measurements taken above the minimum number of active points is 5. It can be observed 

in each plot that when command power drops to zero, the active number of points drops from a 

maximum value to 5. 

This value has several effects. Since the PWM duty cycle does not actually go to zero, 

there is always a minimum remnant power delivered to the load. This is why the power tracking 

at zero command power is not accurate. The non-zero value of the tracking error at zero 

command power is precisely the minimum remnant power delivered to the load. This value 

changes with the output current and the resistance of the load. 
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The spikes in the tracking error are observed due to the lag in the communication. The 

power control algorithm is set up in such a way that the duty cycle of the nth cycle is calculated 

using the voltage measurement from the (n-1)th cycle and the command power obtained from 

the user created host VI. In this case of constant resistance, the voltage measurement should 

remain more or less constant. The spikes in the error appear due to the lag in transmitting the 

command power to the FPGA card. The algorithm on the FPGA runs at a frequency of 1 kHz. 

The host VI can only communicate with the FPGA at a speed that is slower than 1 kHz. This is 

also dictated by the processes running on the host computer. The spikes in the tracking error 

can be easily eliminated by generating the command power signal in the FPGA device itself. 

These spikes get eliminated in the case of a ramp command power input. 

The alternating smooth and noisy behavior of the resistance measurement is again the 

reflection of alternating duty cycle of the PWM signal. At a higher value of the number of active 

points, the peak voltage measurement is a result of the average of a larger number of 

measurements. Whereas, at zero command power with 5 active points, the peak voltage 

measurement is a result of the average of 5 measurements associated with these 5 active points. 

The difference in averaging the measurements is visible in the resistance plots. 

The offset between the actual measured resistance and the expected value is the bias or 

the error in the measurement. It is seen from subsequent Figure 31 through Figure 36 that as the 

value of the output current increases from 0.055A to 0.48A, the error in resistance measurement 

varies from positive error through approximately zero error to negative error. This variation in 

the error is attributed to the temperature effects in the constant current source. At higher value 

of the output current, the power dissipation in the constant current source increases and the 

temperature increase causes loss in regulation. Therefore the actual value of the delivered current 

is different from the one that is calibrated at the start of the measurements. This deviation of the 

actual current value from the calibrated one results in erroneous resistance measurement. 

The above mentioned effect can be further observed in the Figure 37 through Figure 40. 

Each of these figures shows the resistance measurement for one particular output current. For 

each current two power amplitudes are tested. It can be seen that the increase in power 

amplitude does not have a significant effect on the resistance measurement. 
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Figure 37 Resistance Measurement at 0.055A 

 

Figure 38 Resistance Measurement at 0.111A 
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Figure 39 Resistance Measurement at 0.326A 

 

Figure 40 Resistance Measurement at 0.48A 



 

68 

 

In the measurements shown above, only 20 ohm resistor is considered. Though the channel 2 is 

capable of delivering 9 output currents ranging from 0.055A to 0.48A, only 4 of these have been 

presented. However, detailed testing of each channel for all the output current values has been 

conducted. Table 4 presents the tracking performance chart of the channel 2. It can be seen that 

for each value of the output current, two command power amplitudes are tested. The measured 

power is compared with the command power and the error is computed.  The mean measured 

power at peak command power and at zero command power is separately calculated. It can be 

observed that the error in power tracking for low current values is as high as 3.7%. However, for 

higher values of current, the power tracking improves significantly and the error remains 

generally below 1%. At zero command power, the measured power shows a consistent error of 

3.5-4%. This error corresponds to the minimum active points programmed in algorithm and is 

expected to be seen. 

Table 4 Power Tracking Perfrmance of  Channel 2 using 20 ohm Resistor 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error % Error Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0207 0.0007 3.6985 0.0024 0.0024 3.9511 

0.05 15 0.0512 0.0012 2.4952 0.0024 0.0024 3.8709 

110 0.242 0.0012 
0.07 15 0.0710 0.0010 1.4288 0.0090 0.0090 3.6201 

0.2 15 0.2001 0.0001 0.0318 0.0089 0.0089 3.6053 

165 0.5445 0.0027 
0.15 15 0.1516 0.0016 1.0835 0.0200 0.0200 3.6035 

0.4 15 0.4014 0.0014 0.3432 0.0199 0.0199 3.5955 

220 0.968 0.0048 
0.3 18 0.3023 0.0023 0.7778 0.0350 0.0350 3.5990 

0.8 18 0.7997 0.0003 0.0361 0.0349 0.0349 3.5882 

270 1.458 0.0073 
0.4 18 0.4024 0.0024 0.6090 0.0539 0.0539 3.5895 

1.2 18 1.2025 0.0025 0.2063 0.0538 0.0538 3.5857 

320 2.048 0.0102 
0.6 18 0.6062 0.0062 1.0291 0.0764 0.0764 3.5743 

1.6 18 1.6026 0.0026 0.1621 0.0763 0.0763 3.5692 

375 2.8125 0.0140 
0.8 20 0.7954 0.0046 0.5766 0.1024 0.1024 3.5630 

2.2 20 2.2059 0.0059 0.2680 0.1022 0.1022 3.5578 

425 3.6125 0.0180 
1 22 1.0076 0.0076 0.7607 0.1314 0.1314 3.5475 

2.8 22 2.8028 0.0028 0.1012 0.1364 0.1364 3.6847 

470 4.418 0.0221 
1.3 22 1.3030 0.0030 0.2304 0.1630 0.1630 3.5337 

3.5 22 3.4919 0.0081 0.2313 0.1699 0.1699 3.6837 
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Table 5 Resistance Measurement Performance of  Channel 2 using 20 ohm Resistor 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.3092 0.1592 0.7900 0.0139 1457.0619 

0.05 20.3102 0.1602 0.7950 0.0144 1407.7724 

110 0.242 
0.07 20.1128 0.0372 0.1844 0.0059 3434.6929 

0.2 20.1129 0.0371 0.1840 0.0055 3674.6283 

165 0.5445 
0.15 20.1038 0.0462 0.2295 0.0050 4042.5017 

0.4 20.1025 0.0475 0.2356 0.0046 4370.8513 

220 0.968 
0.3 20.1152 0.0348 0.1727 0.0035 5798.0710 

0.8 20.1125 0.0375 0.1862 0.0043 4679.7870 

270 1.458 
0.4 20.1466 0.0034 0.0169 0.0029 6873.6196 

1.2 20.1438 0.0062 0.0308 0.0047 4303.0781 

320 2.048 
0.6 20.1195 0.0305 0.1512 0.0028 7175.6596 

1.6 20.1138 0.0362 0.1799 0.0047 4262.6617 

375 2.8125 
0.8 20.1055 0.0445 0.2209 0.0030 6597.5137 

2.2 20.0989 0.0511 0.2537 0.0063 3177.0009 

425 3.6125 
1 20.0300 0.1200 0.5953 0.0028 7133.5756 

2.8 20.0252 0.1248 0.6192 0.0067 2970.7467 

470 4.418 
1.3 20.0182 0.1318 0.6542 0.0054 3717.5866 

3.5 20.0145 0.1355 0.6727 0.0051 3946.9449 

 

Table 5 shows the detailed resistance measurement performance of the channel 2. The mean 

value of the measured resistance is compared with the expected resistance value obtained initially 

using a separate measurement source and the error is computed. It can be observed that the 

error always remains within ±1%. The comparison of the mean resistance measurement with the 

expected value accounts for accuracy of the resistance measurement. The precision of the 

measurement is documented by looking at the standard deviation of the measurement about its 

mean. It can be observed that the standard deviation of the resistance measurements generally 

remains below 0.01 ohm.  

 The tabulated performance charts for remaining 5 channels are documented in the 

Appendix A. The results from all the channels are generally similar.  
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5.3. Testing Multiple Channels with Fixed Resistors 

After testing the performance of each channel separately, it is crucial to note the multi 

channel effects. It is desirable to have completely independent functionality for each channel. 

The functioning of one channel should not affect the other channels in any way. To verify this, 

three channels on each printed circuit board are tested simultaneously with a known fixed 

resistor. In this case also, the fixed resistors are measured beforehand with a precision multi 

meter. The resistors connected across channels 1, 2 and 3 have resistance values of 17.92 ohm, 

17.93 ohm and 17.95 ohm respectively. All these resistors are rated for 10W power and have an 

accuracy of 1%.  

 

Figure 41 Simultaneous Measurements from Channels 1, 2, 3 
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Figure 42 Comparison of  Resistance Measurements from Channels 1, 2, 3 

Figure 41 shows the measurements taken from channels 1, 2 and 3 at the same time. In 

order to study the cross talk effects between channels, the commanded power waveform for 

each channel has a phase lag of 120 degrees. Therefore, there is an overlap of high command 

powers and zero command powers between the channels under test. The power tracking 

performance for each channel is found to be exactly similar to the performance obtained during 

the testing of individual channels. 

Figure 42 shows the resistance measurements of the three channels together on the same 

plot. The resistance measurements show characteristics similar to the ones described in section 

5.2.2. The alternate smooth and noise pattern and bias away from the expected value is typical of 

these measurements. The phase delay between the command power waveforms only staggers the 

smooth and noisy parts of the resistance measurement. No crosstalk effects are observed and 

the measurements are generally stable even with simultaneous multi-channel power control. 

These tests are conducted for all values of output current. For each value of output 

current, two values of power are commanded. The results from all the tests are found to be 
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similar to the ones explained above and the measurements are found to be similar to the ones 

obtained in the individual channel testing. 

5.4. Testing with a Shape Memory Alloy Wire Actuator 

After validating the performance of the power controller system with fixed resistors, the 

shape memory alloy actuators need to be tested with it. In this work, the system is tested with 

the FlexinolTM wire having a diameter of 50µm and a length of approximately 50 mm. [28] These 

wires are pre-crimped with a lead wire already put in place. The material behavior is observed by 

actuating these wires at various amplitudes of electrical power input and at various frequencies 

of actuation. 

5.4.1. Test Setup and Test Conditions 

 

Figure 43 Experimental Setup for Testing an SMA Wire 

Figure 43 shows the experimental setup for testing an SMA wire under controlled 

conditions. One end of the SMA wire is held rigidly in a clamp. The other end of the wire is 

connected to a cantilever flexure. The flexure is mounted on a slide. The clamp is connected to a 

linear actuator with a load cell in between. The pre-stress in the wire can be adjusted by the 

motion of the linear actuator and it can be measured using the load cell. For the purpose of this 

work, the wire is pre-stressed to a nominal pre-stress of 150MPa. A laser displacement sensor is 

used to track the position of the cantilever flexure as the SMA wire contracts upon actuation. 

Sufficient isolation is provided to the experimental setup in order to minimize the effects due to 

changes in the ambient conditions. 
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To study the behavior of the SMA wire actuator, the wire is subjected to a gradually 

increasing and decreasing heat input. This can be realized by commanding linearly increasing 

power dissipation with respect to time, followed by linearly decreasing power dissipation with 

respect to time. The response of the SMA wire to this „triangle wave‟ power input is observed by 

plotting the resistance change and the position change with respect to time. The tests are 

conducted for several values of power amplitude and actuation frequencies. The measured 

resistance is plotted against the position change to investigate the possibility of using the 

resistance measurement as a position feedback. 

5.4.2. Results and Discussion 

Figure 44 through Figure 47 show the effect of actuating an SMA wire with increasing 

values of power amplitude. The power amplitude is increased from 0.002W/mm to 0.008W/mm 

in steps of 0.002W/mm. For ~50 mm wires, these power amplitudes are ~0.1W to ~0.4W. To 

observe the effect of increasing power, a nominal low frequency of 0.5Hz is selected.  

 

 

Figure 44 Actuation of  an SMA Wire at ~0.1W Power Amplitude 
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Figure 45 Actuation of  an SMA Wire at ~0.2W Power Amplitude 

 

Figure 46 Actuation of  an SMA Wire at ~0.3W Power Amplitude 
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Figure 47 Actuation of  an SMA Wire at ~0.4W Power Amplitude 

For a peak power of 0.1W, the resistance of the wire increases from 28.5 to 29 ohm with 

the gradual increase in power, as seen in the Figure 44. There is a slight change in the position 

observed with this change in resistance. With decrease in the power, the resistance and the 

position drop back to their original values. This behavior is common to all the metals. The heat 

induced in the material at 0.1W peak power is insufficient to trigger the phase transformation in 

the SMA material. When the amplitude of power signal is increased to 0.2W, the resistance 

initially increases with gradual increase in the command power, like in any other metal. However, 

at a certain point the heat induced due to power dissipation takes the temperature of the SMA 

material beyond the transformation temperature. This triggers the transformation from 

martensite to austenite. With the phase transformation, the resistance of the wire decreases 

substantially from 29.2 ohm to 27.5 ohm as seen in the Figure 45. With the decrease in the 

resistance, there is also a substantial change in the position due to the contraction of the SMA 

wire. As the power decreases from 0.2W to 0W, the resistance again increases to 29.2 ohm. This 

is because the material cools down and the austenite phase reverts back to the martensite phase. 

After the phase transformation is complete, the material starts to behave just like a normal metal 
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and therefore with further cooling, the resistance drops from 29.2 ohm to 29 ohm. The typical 

„M‟ shape of the resistance plot (around 29 ohm) indicates that the martensitic phase 

transformation in the SMA material is complete. The material always has sufficient time to cool 

down in this case. However, the heating is not sufficient to completely transform the material 

into austenite phase. This becomes visible when the power amplitude is further increased to 

0.3W, as seen in Figure 46. The drop in the resistance in this case is larger than the previous 

case. The resistance changes from 29.2 ohm to 26.2 ohm. With more heat being inducted into 

the material at the same actuation frequency, the material gets less time to cool down and 

therefore, the „M‟ shape of the resistance loses its prominence. This means that the reverse phase 

transformation from austenite to martensite is „just‟ complete. With further increase in the 

power to approximately 0.4W, the resistance plot starts to show a „W‟ shape (around 26 ohm) as 

seen in Figure 47. This indicates that the austenitic phase transformation in the material is 

complete. The heat inducted in the material is sufficient to raise its temperature to such an 

extent that the material completely transforms into the austenite phase. However, with increased 

heating the „M‟ shape (around 29 ohm) is lost. To observe both transformations completely, the 

frequency of actuation needs to be reduced. The change in the position at higher value of the 

power increases up to ~1.25 mm.  

Figure 48 through Figure 51 show the effect of actuating the SMA wire at various 

frequencies ranging from 0.1 Hz to 2 Hz. To study the frequency effects, the amplitude of 

power is kept constant at 0.008W/mm (which translates into ~0.4W for ~50mm wire). In 

Figure 48, the frequency of actuation is 0.1 Hz. At this frequency, the material gets enough time 

for heating as well as cooling. Therefore, the resistance plot shows both, „M‟ as well as „W‟ 

signatures. Both the transformations are complete and the material finds additional time to 

behave like a normal metal after the phase transformation. A position change of 1.5 mm is 

observed in this case. The increased position change comes due to the additional contraction of 

the SMA wire after the phase transformation is complete. As the frequency increases from 0.1 

Hz to 2 Hz, the material gets lesser time to heat as well as to cool and therefore the resistance 

plot loses its „M‟ and „W‟ signatures. The drop in the resistance value decreases with increased 

frequency. Also, the change in the position does not cycle between 0 and its maximum value. 
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Figure 48 Actuation of  an SMA Wire at 0.1 Hz 

 

Figure 49 Actuation of  an SMA Wire at 0.5 Hz 
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Figure 50 Actuation of  an SMA Wire at 1 Hz 

 

Figure 51 Actuation of  an SMA Wire at 2 Hz 
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In order to use the resistance measurement as a feedback of the position, it is important to see 

how the two quantities relate to each other. The plot of resistance (in ohm) against position 

change (in mm) is shown in Figure 52. This plot is for ~0.4W power amplitude at 0.1 Hz 

actuation frequency. The decrease in the resistance with the increase in the position change is 

found to be linear for most part of the curve. However, two „hook‟ type of non linear curves are 

observed at the ends. These non-linear paradigms are due to the behavior of SMA material like a 

normal metal after the phase transformation is complete. The change of resistance during the 

phase transformation is of particular importance for a potential sensor application and the 

resistance is found to decrease linearly with the increase in the position change. 

 

Figure 52 Plot of  Resistance vs Position Change, 0.4W Power Amplitude at 0.1Hz 
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5.5. Testing with Multiple SMA Wire Actuators 

In this section, the multi channel power controller system is planted into its final 

validation test. The six channels on the system are connected to six different SMA wire 

actuators. The simultaneous actuation (using the power control) and sensing (using the 

resistance measurement) is tested in a multi-channel setting. 

5.5.1. Experimental Setup 

 

Figure 53 Experimental Setup for Testing 6 SMA Wire Actuators 

Figure 53 shows the block diagram of the experimental setup for testing simultaneous 

actuation and sensing in multiple SMA wire actuators. There are six SMA wires (having 50 µm 

diameter and 50 mm length). One end of these SMA wires is connected to a fixed support and 

the other end is connected to a tension spring. The other end of the spring is connected to a 

fixed support. The distance between the fixed support is adjusted in such a way that the springs 

are extended from their initial length by a few millimeters. This extension in the spring exerts a 

force on the wire which results in introducing a pre-stress in the wire. Each of these six wires is 

connected to a channel on the power controller system. The power controller already has an 

interface on the host computer in LabVIEW software. An additional vision system is 
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incorporated in the LabVIEW to track the position of the SMA spring systems as the wires are 

actuated. Two Pulnix Gigabit Ethernet cameras are used. Each camera tracks the positions of 

three SMA-spring systems. The integration of the vision system and the power controller system 

in the LabVIEW helps in synchronizing the position measurement and the resistance 

measurement with the actuation of the SMA wires. 

 

Figure 54 Actual Experimental Setup 

5.5.2. Testing Scheme 

Two different tests are conducted for testing the multi channel application to SMAs. In 

the first test, all the six wires are actuated at the same time with power amplitude of 0.5W and 

actuation frequency of 0.1 Hz. In the second test, the wires are actuated with a phase lag of 120 

degrees. So, the triangle wave power inputs to the three wires are at an offset from each other. 

The pattern is repeated for the other three wires. This creates a „firing order‟ for the actuation of 

SMA wires - wires 1 and 4, followed by 2 and 3, followed by 3 and 6. 
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The actuation of the wires causes them to contract and extension in the springs is 

observed. Between the SMA wire and the spring, a circular black pattern on white background is 

attached. The cameras capture the motion of this pattern with the actuation of the SMA wires. 

At the same time, with each frame of the camera, the resistance measurement from the multi 

channel power controller system is recorded. All the data is stored during the experiments. 

The video files recorded by the cameras are then analyzed using the LabVIEW machine 

vision module. The captured images are calibrated and the motion of the patterns attached to 

the SMA spring systems is tracked. The coordinates are stored in a file. The input power data 

and the measured resistance data collected from the power controller system and the motion 

coordinates data collected after the analysis of the videos captured by the vision system is then 

plotted together. 

5.5.3. Results and Discussion 

Figure 55 and Figure 57 show the command power inputs, resistance measurement and 

position measurement for simultaneous actuation of six SMA wires connected to channels 1 

through 6. The paradigms of the resistance and position curves for the triangle wave input 

power are exactly similar to the ones observed in the tests with a single SMA wire. The 

resistance measurements and the position measurements are repeatable over numerous cycles 

and all the channels show similar performance. 

Figure 56 and Figure 58 show the plots of resistance measurement against the position 

change. These plots also show the characteristics that are similar to the ones observed in the 

tests with a single SMA wire. The approximately linear region in this plot is valuable for the 

potential sensor application. 

Figure 59 and Figure 61 show the command power, resistance measurement and tracked 

position change for the offset actuation of the six SMA wires. The triangle wave input power 

command signals have a phase lag of 120 degrees between each other. The overlapping actuation 

of the SMA wires does not affect the performance of the system. The resistance measurement 

and the achieved actuation stroke remain unaffected from the previous case. Figure 60 and 

Figure 62 show the plots of resistance against the position change for sensor application. The 

plots are again observed to be repeatable and unaffected by the timing of the actuation of wires. 
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Figure 55 Simultaneouds Actuation and Sensing of  the SMA Wires - Channels 1, 2, 3 

 

Figure 56 Plot of  Resistance agains Position Change – Channels 1, 2, 3 
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Figure 57 Simultaneous Actuation and Sensing of  the SMA Wires - Channels 4, 5, 6 

 

Figure 58 Plot of  Resistance against Position Change - Channels 4, 5, 6 
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Figure 59 Offset Actuation and Sensing of  the SMA Wires - Channels 1, 2, 3 

 

Figure 60 Plot of  Resistance against Position Change – Channels 1, 2, 3 
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Figure 61 Offset Actuation and Sensing of  the SMA Wires - Channels 4,5,6 

 

Figure 62 Plot of  Resistance against Position - Channels 4, 5, 6 
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Chapter 6 Specifications of the System 

In this chapter, the operational specifications, absolute maximum ratings and the standard 

operational procedures for the power controller system are documented. 

6.1. Operational Specifications 

6.1.1. Number of Channels 

The power controller system in its current form has 6 operational channels. The 

performance charts of all the channels are presented in Appendix A. Each hardware module 

consists of the electronic circuitry for 3 channels. Two such hardware modules are set functional 

at this stage of the project. 

6.1.2. Output Current Values 

Table 6 Output Current Values (in Ampere) 

Channel 1 Channel 2 Channel 3 Channel 4 Channel 5 Channel 6 

0.054 0.056 0.055 0.056 0.055 0.055 

0.107 0.111 0.109 0.111 0.11 0.109 

0.160 0.165 0.163 0.166 0.165 0.164 

0.210 0.218 0.214 0.22 0.218 0.217 

0.260 0.271 0.265 0.274 0.271 0.269 

0.309 0.323 0.314 0.327 0.324 0.322 

0.356 0.374 0.363 0.379 0.375 0.372 

0.402 0.423 0.410 0.431 0.425 0.42 

0.446 0.472 0.460 0.479 0.474 0.475 

 

Output current delivered by each channel of the power controller can be varied by the 

user. The user can choose from nine different values of output current preset on the hardware 

circuit by turning on the switches on the DIP switch packs. The output current delivered by a 

particular channel is independent of the current delivered by the other channels. The actual 
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output current is calibrated at the beginning of the experiment by automatic current calibration 

algorithm. All possible values of the output currents that can be attained for each of the six 

channels on this system are documented in the Table 6. 

6.1.3. Saturation Power Values 

There is a maximum value of power associated with each value of the output current 

that can be dissipated in resistive load having a resistance „R‟. For the above mentioned values of 

output current, the saturation power can be calculated by assuming the value of nominal 

resistance as 10 ohm. The user of this system can then take the suitable multiple of 10 ohm 

resistor and extrapolate the saturation power with the same multiple. Table 7 presents the 

saturation power values for all the channels at the specified output current values using the 

nominal 10 ohm resistor. 

Table 7 Saturation Power for the Specified Output Current Values using Nominal 10 ohm 
Resistor 

Ch 1 
Curr 
(A) 

Sat’n 
Power 

(W) 

Ch 2 
Curr 
(A) 

Sat’n 
Power 

(W) 

Ch 3 
Curr 
(A) 

Sat’n 
Power 

(W) 

Ch 4 
Curr 
(A) 

Sat’n 
Power 

(W) 

Ch 5 
Curr 
(A) 

Sat’n 
Power 

(W) 

Ch 6 
Curr 
(A) 

Sat’n 
Power 

(W) 

0.054 0.03 0.056 0.03 0.055 0.03 0.056 0.03 0.055 0.03 0.055 0.03 

0.107 0.11 0.111 0.12 0.109 0.12 0.111 0.12 0.110 0.12 0.109 0.12 

0.160 0.26 0.165 0.27 0.163 0.27 0.166 0.28 0.165 0.27 0.164 0.27 

0.210 0.44 0.218 0.48 0.214 0.46 0.220 0.48 0.218 0.48 0.217 0.47 

0.260 0.68 0.271 0.73 0.265 0.70 0.274 0.75 0.271 0.73 0.269 0.72 

0.309 0.95 0.323 1.04 0.314 0.99 0.327 1.07 0.324 1.05 0.322 1.04 

0.356 1.27 0.374 1.40 0.363 1.32 0.379 1.44 0.375 1.41 0.372 1.38 

0.402 1.62 0.423 1.79 0.410 1.68 0.431 1.86 0.425 1.81 0.420 1.76 

0.446 1.99 0.472 2.23 0.460 2.12 0.479 2.29 0.474 2.25 0.475 2.26 

 

The value of the saturation power is the maximum value of the power that can be reached for 

the selected resistor at the selected current. In order to attain larger power dissipation across the 

same resistor, the user has to switch to the next value of the output current. 

6.1.4. Resolution of Power Control 

The controlled power dissipation in the resistive load is obtained by controlling the duty 

cycle of the pulse width modulated current signal. The duty cycle of the PWM signal has a finite 
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resolution. It is dictated by the hardware limitations on the National Instruments FPGA and 

data acquisition card. After using the hardware resources to their maximum, the PWM duty cycle 

resolution is set to 200 points per cycle. This means that the duty cycle can increase from 0 to 

100 in steps of 0.5. 

This resolution also translates into the power control in the resistive load. The controller 

can adjust the power dissipation in a resistive load in finite number of steps, the number being 

200. The increase in the power associated with each finite step is known as resolution of power 

control. This resolution is 1/200th fraction of the saturation power.  

Table 8 Power Control Resolution for the Specified Output Current Values using 
Nominal 10 ohm Resistance 

Ch 1 
Curr 
(A) 

Power 
Res’n 
(W) 

Ch 2 
Curr 
(A) 

Power 
Res’n 
(W) 

Ch 3 
Curr 
(A) 

Power 
Res’n 
(W) 

Ch 4 
Curr 
(A) 

Power 
Res’n 
(W) 

Ch 5 
Curr 
(A) 

Power 
Res’n 
(W) 

Ch 6 
Curr 
(A) 

Power 
Res’n 
(W) 

0.054 0.0002 0.056 0.0002 0.055 0.0002 0.056 0.0002 0.055 0.0002 0.055 0.0002 

0.107 0.0006 0.111 0.0006 0.109 0.0006 0.111 0.0006 0.110 0.0006 0.109 0.0006 

0.160 0.0013 0.165 0.0014 0.163 0.0013 0.166 0.0014 0.165 0.0014 0.164 0.0013 

0.210 0.0022 0.218 0.0024 0.214 0.0023 0.220 0.0024 0.218 0.0024 0.217 0.0024 

0.260 0.0034 0.271 0.0037 0.265 0.0035 0.274 0.0038 0.271 0.0037 0.269 0.0036 

0.309 0.0048 0.323 0.0052 0.314 0.0049 0.327 0.0053 0.324 0.0052 0.322 0.0052 

0.356 0.0063 0.374 0.0070 0.363 0.0066 0.379 0.0072 0.375 0.0070 0.372 0.0069 

0.402 0.0081 0.423 0.0089 0.410 0.0084 0.431 0.0093 0.425 0.0090 0.420 0.0088 

0.446 0.0100 0.472 0.0111 0.460 0.0106 0.479 0.0115 0.474 0.0112 0.475 0.0113 

 

The power control resolution also has an impact on the accuracy of the power control. This is 

particularly visible in the higher values of current, where the resolution of power control is 

higher. The maximum error in tracking the power can be as high as the resolution of the power 

control. 

6.1.5. Accuracy of Power Control 

As stated in the section 6.1.4, the accuracy of the power control is directly related to the 

resolution of the power control. The maximum error in the power control can be as high as the 

resolution of the power control. Since the resolution of power control is 0.5% of the full scale 

saturation power, the power control is accuracy for all the channels can be specified as – “within 

0.5% of the full scale saturation power.” 
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6.1.6. Maximum Load Resistance 

The maximum value of the load resistance that can be successfully used with this system 

is dictated by the voltage drop across the load. The maximum voltage drop that can be safely 

achieved across the load resistance is 30V. This voltage is scaled down by the operational 

amplifier by a factor of 3. Thus, the voltage drop comes to the scale of 0 to 10V. The 

operational amplifier while scaling down the voltage also inverts it. The data acquisition system 

with the FPGA card can then read in the voltages from -10V to 10V safely. 

For each value of output current, the maximum load resistance can be computed based 

on the maximum possible voltage drop of 30V. Each channel delivers nine values of output 

current that are approximately close to 55mA, 110mA, 165mA, 220mA, 270mA, 320mA, 

370mA, 420mA and 470mA. Based on these values the maximum values of load resistors that 

can be safely connected to the system are documented in Table 9. 

Table 9 Maximum Safe Load Resistance Values 

Output Current (A) Maximum Safe Load Resistance (ohm) 

0.055 545 

0.110 275 

0.165 180 

0.220 140 

0.270 110 

0.320 95 

0.370 80 

0.420 70 

0.470 65 

 

6.1.7. Accuracy of Resistance Measurement 

From the validation data collected in the testing and validation phase, the error in the 

resistance measurement is found to be within ±1%. The error is computed by comparing the 

mean measured resistance with the expected value of resistance. The expected value is obtained 

by measuring the test resistors with a precision multi-meter before the validation experiments. 

The precision of the resistance measurement is expressed using the standard deviation of 

the resistance measurement about its mean value. The standard deviation in the resistance 
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measurement is found to be less than 0.01 ohm for an expected resistance value of 20 ohm. The 

accuracy and the precision of each of the six channels is documented in the performance charts 

in Appendix A. 

6.2. Absolute Maximum Ratings 

Table 10 Absolute Maximum Ratings 

Parameter Value Description 

Maximum Input Supply Voltages ± 36V 
The Maximum DC voltage input to the 
hardware module 

Maximum Output Current 470mA 
The maximum output current that any 
channel can deliver 

Maximum Output Voltage across the Load 30V 
Maximum voltage drop across the 
resistive load 

Maximum Power Dissipation 14W 
Maximum power that can be 
commanded 

 

6.3. Standard Operational Procedures 

6.3.1. Obtaining the gains of operational amplifiers 

Voltage measurement of the SMA wire from each channel is scaled down using an op amp. The 

gain of the op amp is determined by the resistors used in the circuit. Theoretically the op amp is 

set in such a way that it should scale down the voltage by a factor of 3. However, due to 

tolerances on these resistors, the value of the gain does not remain accurate. In such a case, 

accurate calibration of the op amp gain is necessary. 

 As described earlier, the current calibration process and the power control process are 

executed on the same hardware setup. Therefore, inaccuracies in the op amp gain result in the 

inaccurate current calibration. A wrongly calibrated current value propagates into the power 

control process and results in inaccurate calculations of the duty cycle. This leads to larger value 

of tracking error.  

The op amp gain can be accurately determined by taking the probe readouts at two test 

points on each channel. A fixed resistor (say, 20 ohm) has to be used so that the voltage across it 

remains constant while testing. The first test point is at the output of the constant current 
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source. The second test point is at the output of the op amp. The probe readouts at several 

values of the output currents are noted and stored using LabVIEW interface. 

The readout plots at both the test points are pulse width modulated voltage signals. The 

ratio of amplitudes of these signals is the gain of the op amp. Using Matlab, the readout values 

are analyzed and accurate gain values are found out. 

Table 11  Operational Amplifier Gains 

Channel Gain 

1 -3.0093 

2 -3.0207 

3 -2.9997 

4 -3.0156 

5 -2.9997 

6 -2.9827 

 

6.3.2. Calibration procedure for the Hardware Module 

The hardware module is a printed circuit board with electronic circuitry for 3 channels. 

The output current signal is directed to the SMA wire using a PhotoMOS relay. The two 

switches in this relay have an „on‟ resistance. This resistance along with other parasitic resistances 

comprise of internal parasite resistance. The knowledge of the parasite resistance in both 

„calibration mode‟ and „operation mode‟ is necessary for maintaining accuracy of the output 

current calibration and resistance measurement. 

a. The PhotoMOS relay is switched to calibration mode. 

b. The power controller is turned on to deliver a nominal value of power. 

c. The voltage is measured    and then the power controller is turned off. 

d. A new known calibration resistor     is connected in place of    , and    is obtained as 

before. 

e. The PhotoMOS relay is switched back to operational mode. 

f.               and                where    is internal parasite resistance of 

the channel in calibration mode. These two equations are solved simultaneously to find     

g. The above procedure is repeated for each channel. 



 

93 

 

The parasite resistance in operation mode can be found using a similar procedure. 

 

6.3.3. Tuning of the Supply Voltage to negate temperature effects 

The input supply voltages come straight from the external DC power source. The value 

of the positive supply voltage connected to the drain of the MOSFET is particularly important. 

This voltage is switched on or off by the MOSFET depending upon the PWM signal it receives. 

The pulsing output of the MOSFET is fed into the LM117K voltage regulator. LM117K is set 

up to deliver a fixed output current value to the resistive load of the SMA wire. Depending upon 

the resistance of the SMA wire, the voltage across SMA wire is decided. For the LM117K to 

regulate the voltages as per specifications, it is necessary to maintain the difference between the 

input voltage and the output voltage in the range of 3 to 40 volts. [26] In addition, the power 

dissipation across the LM117K needs to be kept in check so that the increase in the junction 

temperature is not beyond specified limits. The power dissipation across LM117K is given by 

the formula 

                       (20) 

The increase in the junction temperature is determined by the thermal resistance of the LM117K 

package. The permissible range of temperatures for LM117K package is -55 to 150ºC. In order 

that there is a minimum increase in the junction temperature, the dissipated power has to be as 

low as possible. In equation (20),         is pre set for an SMA application,      depends on 

        and the resistance of SMA load. So, the value of    can be minimized by tuning the 

supply voltage,    . 
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Chapter 7 Applications 

In this chapter, the multi-channel power controller is implemented in the applications having 

embedded SMA wires as smart actuators. These applications intend to use the dual actuation-

sensing characteristics of the SMA material for the control of their structural motions. 

7.1. BAT Micro-Aerial Vehicle (BATMAV) 

The objective of BATMAV is to develop a biologically inspired Micro-Aerial Vehicle 

(MAV) that features flexible foldable wings for flapping flight. The motion of the wings is 

realized using artificial muscle actuators. Superelastic shape memory alloy material is used for the 

bone joints and actuator SMA material is used as artificial muscles. Extensive research has been 

conducted in this area for the development of the 3 degree of freedom model to generate the 

desired trajectory of the wings during the flapping flight using artificial muscle actuators. [4] The 

present prototype of the BATMAV has its joint wires and the actuators placed on the wings and 

the motion of the skeletal structure using a variety of power inputs and actuation frequencies is 

under study. 

 

Figure 63 BATMAV – Desktop Prototype with 2 Degrees of  Freedom 
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Figure 63 shows a desktop prototype of the BATMAV with skeletal structure and two 

wings. Each wing has two degrees of freedom namely, pectoral and bicep. Each degree of 

freedom is associated with a superelastic bone joint (that uses superelastic SMA wires) and an 

SMA actuator wire with 50 µm diameter. Each wing, therefore, requires two channels of 

controlled power to realize controlled motion of the wing. The multi-channel power controller is 

used to actuate the pectoral and bicep muscles on one of the wings of the BATMAV prototype 

and the motion of the wings is experimentally observed. 

  

  

Figure 64 Simultaneous Actuation and Resistance Measurement from Pectoral (Blue) 
and Biceps (Red) muscle wires – 0.5 Hz 
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Figure 65  Simultaneous Actuation and Resistance Measurement from Pectoral (Blue) 
and Biceps (Red) Muscle Wires – 4 Hz 

Figure 64 and Figure 65 demonstrate the simultaneous actuation and resistance measurement 

applied to the BATMAV platform. These studies have been conducted to observe the motions 

of the structure purely in open loop at different actuation frequencies. The trajectory of the wing 

after actuating the wires can be studied from these experiments. With the forced convective 

cooling, the actuation frequency of 4 Hz can be attained. 

7.2. Smart Inhaler System 

Traditional devices used in aerosol drug delivery dispense uniform air-particle mixture 

into the mouth inlet. In contrast to the traditional inhalation devices, the most efficient method 

for drug release into airway is the controlled release of an air-particle stream. [30] The targeted 
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delivery of aerosol drugs means that drugs are released at a precise position at the mouth inlet. 

To achieve this, a Smart Inhaler System has been developed [3] [32]. The fixed exit position in 

conventional inhalers is replaced with an adaptive nozzle that can be moved to any desired 

location. This flexible nozzle would then allow the Smart Inhaler System to adapt to the patients 

specific needs for precise and controlled aerosol drug delivery. 

The movement of the flexible nozzle is achieved using two arrays of SMA wires as 

actuators. Each array consists of three wires, spaced in 120-degree increments around a flexible 

joint on the nozzle. By actuating the SMA wires at the joints, the nozzle can be bent into several 

configurations. Controlled actuation of the wires can be used to realize controlled nozzle tip 

positions. Figure 66 shows the 3-D model of smart inhaler system with the two arrays of SMA 

actuator wires around the two joints.  

 

Figure 66 A Solid Model of  Smart Inhaler System (L), A Typical Joint on the Nozzle (R) 

The multi channel power controller system is implemented to drive the six SMA wire 

actuators used for the adaptive nozzle in the Smart Inhaler System. Each of the six wires is 

connected to a channel on the power controller. Simultaneous actuation and sensing of these 

wires can then be tested to study the motion of the adaptive nozzle. Figure 67 shows the 

command power inputs and the measured resistances from the power controller system. The 

motion of the nozzle tip is tracked by a vision system looking at the motion of nozzle tip from 
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the top. The x-y plot of the tracked motion of the nozzle tip due to actuation of the wires is 

shown in Figure 68. 

 

Figure 67 Actuation of  the Adaptive Nozzle Joint Actuator Wires 

 

Figure 68 Position Tracked by the Nozzle Tip  



 

99 

 

CONCLUSIONS 

In this research, a multi-channel power controller system has been developed for 

concomitant actuation and sensing using SMA wires. The need for such a system, its operating 

principle, modular decomposition and detailed implementation has been thoroughly discussed. 

The system is then validated using fixed resistors and SMA wires. The power control accuracies 

and the resistance measurement accuracies are presented for each channel of the system is 

documented. The accuracy and precision of the measurements is found to be well within the 

acceptable range. Further, the system accurately captures the SMA material phenomena in its 

resistance measurements. The simultaneous testing of multiple channels with fixed resistors as 

well as SMA wires proves that each channel is completely independent in its operation. The 

change in resistance and the change in position due to actuation of SMA wire are plotted 

together. The near-linear nature of this plot is an encouraging prospect for the application of 

resistance measurements to position control of smart structures. Finally, the power controller 

system is put to use in two applications, namely – BATMAV and Smart Inhaler System. The 

simultaneous actuation and resistance measurement is implemented and the motion of these 

structures is observed. 
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APPENDIX A – PERFORMANCE CHARTS 

Table 12 Channel 1 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0206 0.0006 3.0131 0.0027 0.0027 4.5192 

0.05 15 0.0507 0.0007 1.4516 0.0027 0.0027 4.5178 

110 0.242 0.0012 
0.07 15 0.0709 0.0009 1.2551 0.0093 0.0093 3.9516 

0.2 15 0.2000 0.0000 0.0248 0.0092 0.0092 3.9469 

165 0.5445 0.0027 
0.15 15 0.1507 0.0007 0.4718 0.0200 0.0200 3.8757 

0.4 15 0.4015 0.0015 0.3692 0.0200 0.0200 3.8727 

220 0.968 0.0048 
0.3 18 0.3037 0.0037 1.2302 0.0347 0.0347 3.8427 

0.8 18 0.8016 0.0016 0.2035 0.0347 0.0347 3.8416 

270 1.458 0.0073 
0.4 18 0.4029 0.0029 0.7244 0.0531 0.0531 3.8430 

1.2 18 1.1991 0.0009 0.0758 0.0530 0.0530 3.8244 

320 2.048 0.0102 
0.6 18 0.6035 0.0035 0.5890 0.0749 0.0749 3.8286 

1.6 18 1.6083 0.0083 0.5212 0.0749 0.0749 3.8286 

375 2.8125 0.0140 
0.8 20 0.8056 0.0056 0.6957 0.0999 0.0999 3.8216 

2.2 20 2.2091 0.0091 0.4137 0.0998 0.0998 3.8094 

425 3.6125 0.0180 
1 22 0.9967 0.0033 0.3320 0.1278 0.1278 3.8045 

2.8 22 2.8139 0.0139 0.4978 0.1277 0.1277 3.8001 

470 4.418 0.0221 
1.3 22 1.3001 0.0001 0.0055 0.1580 0.1580 3.8037 

3.5 22 3.5045 0.0045 0.1285 0.1580 0.1580 3.8047 
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Table 13 Channel 1 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.2232 0.0732 0.3634 0.0135 1503.5058 

0.05 20.2248 0.0748 0.3711 0.0137 1474.4131 

110 0.242 
0.07 20.0879 0.0621 0.3084 0.0054 3745.7684 

0.2 20.0870 0.0630 0.3127 0.0055 3676.9317 

165 0.5445 
0.15 20.1562 0.0062 0.0308 0.0041 4882.7084 

0.4 20.1541 0.0041 0.0206 0.0041 4879.7482 

220 0.968 
0.3 20.1106 0.0394 0.1955 0.0033 6005.5439 

0.8 20.1068 0.0432 0.2146 0.0054 3690.1814 

270 1.458 
0.4 20.1356 0.0144 0.0715 0.0031 6556.9795 

1.2 20.0483 0.1017 0.5049 0.0057 3503.6853 

320 2.048 
0.6 20.0925 0.0575 0.2853 0.0030 6684.6406 

1.6 20.0912 0.0588 0.2917 0.0048 4206.1752 

375 2.8125 
0.8 20.0660 0.0840 0.4167 0.0031 6377.0063 

2.2 19.9980 0.1520 0.7542 0.0066 3046.2420 

425 3.6125 
1 19.9905 0.1595 0.7915 0.0028 7021.7959 

2.8 19.9850 0.1650 0.8187 0.0075 2658.5200 

470 4.418 
1.3 19.9740 0.1760 0.8732 0.0055 3657.7752 

3.5 19.9705 0.1795 0.8906 0.0074 2684.6160 
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Table 14 Channel 2 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0207 0.0007 3.6985 0.0024 0.0024 3.9511 

0.05 15 0.0512 0.0012 2.4952 0.0024 0.0024 3.8709 

110 0.242 0.0012 
0.07 15 0.0710 0.0010 1.4288 0.0090 0.0090 3.6201 

0.2 15 0.2001 0.0001 0.0318 0.0089 0.0089 3.6053 

165 0.5445 0.0027 
0.15 15 0.1516 0.0016 1.0835 0.0200 0.0200 3.6035 

0.4 15 0.4014 0.0014 0.3432 0.0199 0.0199 3.5955 

220 0.968 0.0048 
0.3 18 0.3023 0.0023 0.7778 0.0350 0.0350 3.5990 

0.8 18 0.7997 0.0003 0.0361 0.0349 0.0349 3.5882 

270 1.458 0.0073 
0.4 18 0.4024 0.0024 0.6090 0.0539 0.0539 3.5895 

1.2 18 1.2025 0.0025 0.2063 0.0538 0.0538 3.5857 

320 2.048 0.0102 
0.6 18 0.6062 0.0062 1.0291 0.0764 0.0764 3.5743 

1.6 18 1.6026 0.0026 0.1621 0.0763 0.0763 3.5692 

375 2.8125 0.0140 
0.8 20 0.7954 0.0046 0.5766 0.1024 0.1024 3.5630 

2.2 20 2.2059 0.0059 0.2680 0.1022 0.1022 3.5578 

425 3.6125 0.0180 
1 22 1.0076 0.0076 0.7607 0.1314 0.1314 3.5475 

2.8 22 2.8028 0.0028 0.1012 0.1364 0.1364 3.6847 

470 4.418 0.0221 
1.3 22 1.3030 0.0030 0.2304 0.1630 0.1630 3.5337 

3.5 22 3.4919 0.0081 0.2313 0.1699 0.1699 3.6837 
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Table 15 Channel 2 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.3092 0.1592 0.7900 0.0139 1457.0619 

0.05 20.3102 0.1602 0.7950 0.0144 1407.7724 

110 0.242 
0.07 20.1128 0.0372 0.1844 0.0059 3434.6929 

0.2 20.1129 0.0371 0.1840 0.0055 3674.6283 

165 0.5445 
0.15 20.1038 0.0462 0.2295 0.0050 4042.5017 

0.4 20.1025 0.0475 0.2356 0.0046 4370.8513 

220 0.968 
0.3 20.1152 0.0348 0.1727 0.0035 5798.0710 

0.8 20.1125 0.0375 0.1862 0.0043 4679.7870 

270 1.458 
0.4 20.1466 0.0034 0.0169 0.0029 6873.6196 

1.2 20.1438 0.0062 0.0308 0.0047 4303.0781 

320 2.048 
0.6 20.1195 0.0305 0.1512 0.0028 7175.6596 

1.6 20.1138 0.0362 0.1799 0.0047 4262.6617 

375 2.8125 
0.8 20.1055 0.0445 0.2209 0.0030 6597.5137 

2.2 20.0989 0.0511 0.2537 0.0063 3177.0009 

425 3.6125 
1 20.0300 0.1200 0.5953 0.0028 7133.5756 

2.8 20.0252 0.1248 0.6192 0.0067 2970.7467 

470 4.418 
1.3 20.0182 0.1318 0.6542 0.0054 3717.5866 

3.5 20.0145 0.1355 0.6727 0.0051 3946.9449 
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Table 16 Channel 3 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0210 0.0010 4.9025 0.0025 0.0025 3.9990 

0.05 15 0.0511 0.0011 2.1606 0.0023 0.0023 3.7992 

110 0.242 0.0012 
0.07 15 0.0719 0.0019 2.7471 0.0090 0.0090 3.6978 

0.2 15 0.2021 0.0021 1.0304 0.0089 0.0089 3.6312 

165 0.5445 0.0027 
0.15 15 0.1502 0.0002 0.1659 0.0198 0.0198 3.6246 

0.4 15 0.4017 0.0017 0.4233 0.0196 0.0196 3.5864 

220 0.968 0.0048 
0.3 18 0.3054 0.0054 1.7869 0.0347 0.0347 3.6184 

0.8 18 0.8057 0.0057 0.7172 0.0347 0.0347 3.6198 

270 1.458 0.0073 
0.4 18 0.4058 0.0058 1.4411 0.0544 0.0544 3.6756 

1.2 18 1.2022 0.0022 0.1794 0.0537 0.0537 3.6300 

320 2.048 0.0102 
0.6 18 0.6091 0.0091 1.5087 0.0767 0.0767 3.6562 

1.6 18 1.6096 0.0096 0.5978 0.0764 0.0764 3.6396 

375 2.8125 0.0140 
0.8 20 0.8005 0.0005 0.0613 0.1024 0.1024 3.6345 

2.2 20 2.2076 0.0076 0.3439 0.1025 0.1025 3.6367 

425 3.6125 0.0180 
1 22 1.0092 0.0092 0.9161 0.1321 0.1321 3.6476 

2.8 22 2.8039 0.0039 0.1381 0.1313 0.1313 3.6277 

470 4.418 0.0221 
1.3 22 1.2991 0.0009 0.0676 0.1643 0.1643 3.6403 

3.5 22 3.5079 0.0079 0.2271 0.1643 0.1643 3.6420 
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Table 17 Channel 3 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.3060 0.1560 0.7741 0.0128 1580.6342 

0.05 20.3073 0.1573 0.7805 0.0132 1533.7927 

110 0.242 
0.07 20.2161 0.0661 0.3279 0.0061 3318.5860 

0.2 20.2153 0.0653 0.3243 0.0054 3749.4629 

165 0.5445 
0.15 20.1052 0.0448 0.2222 0.0057 3550.5446 

0.4 20.1026 0.0474 0.2355 0.0049 4095.8469 

220 0.968 
0.3 20.1738 0.0238 0.1179 0.0045 4519.6984 

0.8 20.1694 0.0194 0.0962 0.0044 4555.4863 

270 1.458 
0.4 20.1397 0.0103 0.0510 0.0050 3992.2596 

1.2 20.1340 0.0160 0.0794 0.0049 4093.4893 

320 2.048 
0.6 20.1148 0.0352 0.1747 0.0064 3146.4965 

1.6 20.1076 0.0424 0.2106 0.0059 3395.3164 

375 2.8125 
0.8 20.0424 0.1076 0.5338 0.0061 3293.6780 

2.2 20.0352 0.1148 0.5700 0.0057 3526.7662 

425 3.6125 
1 20.0464 0.1036 0.5142 0.0072 2780.6841 

2.8 20.0400 0.1100 0.5458 0.0061 3293.6605 

470 4.418 
1.3 20.0032 0.1468 0.7287 0.0203 986.4970 

3.5 19.9967 0.1533 0.7606 0.0188 1064.6647 
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Table 18 Channel 4 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0210 0.0010 4.9644 0.0029 0.0029 4.7063 

0.05 15 0.0513 0.0013 2.5776 0.0029 0.0029 4.6855 

110 0.242 0.0012 
0.07 15 0.0722 0.0022 3.1581 0.0099 0.0099 4.0167 

0.2 15 0.2022 0.0022 1.1169 0.0098 0.0098 4.0129 

165 0.5445 0.0027 
0.15 15 0.1538 0.0038 2.5031 0.0213 0.0213 3.8824 

0.4 15 0.4021 0.0021 0.5155 0.0213 0.0213 3.8791 

220 0.968 0.0048 
0.3 18 0.3016 0.0016 0.5170 0.0370 0.0370 3.8265 

0.8 18 0.8019 0.0019 0.2428 0.0369 0.0369 3.8221 

270 1.458 0.0073 
0.4 18 0.3999 0.0001 0.0359 0.0566 0.0566 3.7787 

1.2 18 1.1993 0.0007 0.0601 0.0565 0.0565 3.7767 

320 2.048 0.0102 
0.6 18 0.6020 0.0020 0.3354 0.0798 0.0798 3.7586 

1.6 18 1.5989 0.0011 0.0701 0.0798 0.0798 3.7598 

375 2.8125 0.0140 
0.8 20 0.8079 0.0079 0.9896 0.1067 0.1067 3.7273 

2.2 20 2.1962 0.0038 0.1728 0.1066 0.1066 3.7247 

425 3.6125 0.0180 
1 22 1.0009 0.0009 0.0871 0.1367 0.1367 3.7099 

2.8 22 2.8047 0.0047 0.1676 0.1421 0.1421 3.8555 

470 4.418 0.0221 
1.3 22 1.2971 0.0029 0.2197 0.1700 0.1700 3.7018 

3.5 22 3.5089 0.0089 0.2534 0.1756 0.1756 3.8237 
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Table 19 Channel 4 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.2806 0.1306 0.6483 0.0107 1897.9944 

0.05 20.2820 0.1320 0.6553 0.0107 1903.7726 

110 0.242 
0.07 20.2676 0.1176 0.5836 0.0056 3648.4451 

0.2 20.2676 0.1176 0.5835 0.0047 4355.1281 

165 0.5445 
0.15 20.1568 0.0068 0.0338 0.0046 4408.6693 

0.4 20.1542 0.0042 0.0210 0.0038 5328.6782 

220 0.968 
0.3 20.1484 0.0016 0.0080 0.0028 7275.7335 

0.8 20.1453 0.0047 0.0235 0.0045 4505.0599 

270 1.458 
0.4 20.0928 0.0572 0.2837 0.0026 7632.3306 

1.2 20.0882 0.0618 0.3065 0.0046 4345.8337 

320 2.048 
0.6 20.1117 0.0383 0.1900 0.0032 6203.6060 

1.6 20.1052 0.0448 0.2221 0.0046 4382.0925 

375 2.8125 
0.8 20.0298 0.1202 0.5964 0.0028 7055.8638 

2.2 20.0234 0.1266 0.6282 0.0057 3496.2808 

425 3.6125 
1 20.0238 0.1262 0.6265 0.0027 7335.1078 

2.8 20.0192 0.1308 0.6490 0.0064 3109.8237 

470 4.418 
1.3 20.0181 0.1319 0.6548 0.0085 2367.6104 

3.5 20.0138 0.1362 0.6760 0.0065 3092.1320 
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Table 20 Channel 5 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0212 0.0012 6.0392 0.0032 0.0032 5.2503 

0.05 15 0.0513 0.0013 2.5115 0.0032 0.0032 5.2263 

110 0.242 0.0012 
0.07 15 0.0720 0.0020 2.9244 0.0104 0.0104 4.2700 

0.2 15 0.2016 0.0016 0.8119 0.0104 0.0104 4.2641 

165 0.5445 0.0027 
0.15 15 0.1528 0.0028 1.8678 0.0220 0.0220 4.0550 

0.4 15 0.4036 0.0036 0.8963 0.0220 0.0220 4.0555 

220 0.968 0.0048 
0.3 18 0.3035 0.0035 1.1625 0.0378 0.0378 3.9590 

0.8 18 0.8022 0.0022 0.2811 0.0378 0.0378 3.9537 

270 1.458 0.0073 
0.4 18 0.4032 0.0032 0.8077 0.0572 0.0572 3.8799 

1.2 18 1.1969 0.0031 0.2621 0.0573 0.0573 3.8835 

320 2.048 0.0102 
0.6 18 0.6058 0.0058 0.9687 0.0803 0.0803 3.8298 

1.6 18 1.6002 0.0002 0.0099 0.0803 0.0803 3.8303 

375 2.8125 0.0140 
0.8 20 0.7975 0.0025 0.3117 0.1070 0.1070 3.7937 

2.2 20 2.1945 0.0055 0.2514 0.1068 0.1068 3.7882 

425 3.6125 0.0180 
1 22 1.0071 0.0071 0.7084 0.1365 0.1365 3.7660 

2.8 22 2.8095 0.0095 0.3410 0.1417 0.1417 3.9106 

470 4.418 0.0221 
1.3 22 1.3002 0.0002 0.0152 0.1687 0.1687 3.7321 

3.5 22 3.4986 0.0014 0.0387 0.1745 0.1745 3.8626 

 

  



 

113 

 

Table 21 Channel 5 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.2147 0.0647 0.3211 0.0124 1629.4614 

0.05 20.2156 0.0656 0.3253 0.0128 1579.3357 

110 0.242 
0.07 20.1342 0.0158 0.0784 0.0055 3689.1967 

0.2 20.1338 0.0162 0.0806 0.0051 3949.0680 

165 0.5445 
0.15 20.1624 0.0124 0.0617 0.0046 4348.9747 

0.4 20.1598 0.0098 0.0484 0.0042 4806.8046 

220 0.968 
0.3 20.1032 0.0468 0.2324 0.0031 6446.6620 

0.8 20.0987 0.0513 0.2547 0.0040 5007.7256 

270 1.458 
0.4 20.0821 0.0679 0.3368 0.0029 7004.2718 

1.2 20.0771 0.0729 0.3617 0.0043 4665.8843 

320 2.048 
0.6 20.0984 0.0516 0.2559 0.0036 5640.9462 

1.6 20.0918 0.0582 0.2891 0.0046 4373.3222 

375 2.8125 
0.8 20.0556 0.0944 0.4683 0.0032 6209.0700 

2.2 20.0473 0.1027 0.5096 0.0051 3895.9129 

425 3.6125 
1 20.0692 0.0808 0.4012 0.0033 6093.7072 

2.8 20.0622 0.0878 0.4359 0.0055 3677.5258 

470 4.418 
1.3 20.0299 0.1201 0.5960 0.0107 1872.7690 

3.5 20.0229 0.1271 0.6308 0.0094 2123.1335 
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Table 22 Channel 6 - Power Tracking Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power (W) 

Power 
Res. 
(W) 

Comm. 
Power 

(W) 

Supply 
Voltage 

(V) 

Power Tracking Performance (Pulse) 

Measured High Power Measured Zero Power 

Mean Error 
% 

Error 
Mean Error % Error 

55 0.0605 0.0003 
0.02 15 0.0212 0.0012 5.8767 0.0032 0.0032 5.2776 

0.05 15 0.0512 0.0012 2.3341 0.0032 0.0032 5.2684 

110 0.242 0.0012 
0.07 15 0.0723 0.0023 3.2145 0.0106 0.0106 4.3685 

0.2 15 0.2008 0.0008 0.3837 0.0106 0.0106 4.3630 

165 0.5445 0.0027 
0.15 15 0.1534 0.0034 2.2759 0.0224 0.0224 4.1570 

0.4 15 0.4017 0.0017 0.4130 0.0224 0.0224 4.1551 

220 0.968 0.0048 
0.3 18 0.3044 0.0044 1.4523 0.0386 0.0386 4.0793 

0.8 18 0.8036 0.0036 0.4493 0.0388 0.0388 4.0968 

270 1.458 0.0073 
0.4 18 0.4049 0.0049 1.2219 0.0587 0.0587 4.0156 

1.2 18 1.1990 -0.0010 -0.0794 0.0586 0.0586 4.0111 

320 2.048 0.0102 
0.6 18 0.6070 0.0070 1.1705 0.0828 0.0828 3.9841 

1.6 18 1.6003 0.0003 0.0163 0.0827 0.0827 3.9812 

375 2.8125 0.0140 
0.8 20 0.8138 0.0138 1.7270 0.1103 0.1103 3.9578 

2.2 20 2.2082 0.0082 0.3742 0.1102 0.1102 3.9556 

425 3.6125 0.0180 
1 22 1.0085 0.0085 0.8466 0.1408 0.1408 3.9312 

2.8 22 2.8050 0.0050 0.1786 0.1463 0.1463 4.0888 

470 4.418 0.0221 
1.3 22 1.3007 0.0007 0.0509 0.1745 0.1745 3.9189 

3.5 22 3.5125 0.0125 0.3569 0.1798 0.1798 4.0381 
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Table 23 Channel 6 - Resistance Measurement Performance (using 20 ohm resistor) 

Output 
Current 

(mA) 

Saturation 
power 
(W) 

Power (W) 

Mean 
Measured 
Resistance 

(ohm) 

Bias (Error) 
in Resistance 
Measurement 

(ohm) 

Accuracy (%)  
(Error/Expected)*100 

Standard 
Deviation 

about 
mean 

resistance 
(ohm) 

Signal to 
noise ratio 
(mean/std 
deviation) 

55 0.0605 
0.02 20.1073 0.0427 0.2121 0.0111 1803.4919 

0.05 20.1080 0.0420 0.2087 0.0113 1786.4716 

110 0.242 
0.07 20.0456 0.1044 0.5184 0.0050 4027.5132 

0.2 20.0447 0.1053 0.5228 0.0044 4582.9169 

165 0.5445 
0.15 20.0727 0.0773 0.3837 0.0049 4137.6587 

0.4 20.0686 0.0814 0.4037 0.0043 4641.0835 

220 0.968 
0.3 20.1124 0.0376 0.1865 0.0032 6349.8639 

0.8 20.1068 0.0432 0.2145 0.0045 4435.1012 

270 1.458 
0.4 20.0608 0.0892 0.4427 0.0031 6421.3055 

1.2 20.0538 0.0962 0.4774 0.0045 4481.1405 

320 2.048 
0.6 20.0384 0.1116 0.5536 0.0040 5020.3832 

1.6 20.0304 0.1196 0.5937 0.0048 4166.8322 

375 2.8125 
0.8 20.0269 0.1231 0.6110 0.0036 5600.0405 

2.2 20.0169 0.1331 0.6607 0.0056 3592.0128 

425 3.6125 
1 20.0133 0.1367 0.6785 0.0035 5716.5137 

2.8 20.0039 0.1461 0.7249 0.0063 3192.1778 

470 4.418 
1.3 19.9906 0.1594 0.7909 0.0102 1954.2796 

3.5 19.9840 0.1660 0.8237 0.0089 2244.0241 
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APPENDIX B – PCB LAYOUT 

The printed circuit board layout of the first generation 3 channel hardware board is shown in the 

Figure 69. This PCB is designed using National Instruments Multisim and Ultiboard software. It 

is a 4 layered PCB. The description of four layers is as follows – 

1. Layer 1 – Top copper layer – for signal routing 

2. Layer 2 – Inner copper layer 1 – for ground plane 

3. Layer 3 – Inner copper layer 2 – for power plane 

4. Layer 4 – Bottom copper layer – for signal routing 

The PCB manufacturing process can be summarized as follows – 

1. Design the circuit in NI Multisim software with actual components from the database. 

2. Import the netlist generated by the Multisim software into Ultiboard software. 

3. Determine the size of the PCB, number of layers and other fundamental properties of 

PCB such as minimum trace width, minimum distance between traces, minimum hole 

size, etc. 

4. Import the actual components from Ultiboard database. 

5. Route the connections in various layers. 

6. Once all the connections are routed, run the Design Rule Check. 

7. Clear all the errors and warnings. 

8. Export the Gerber files. 

9. Send these files to manufacturer. 
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The hardware components used on the PCB are listed in Table 24. 

Table 24 List of  hardware components on PCB 

Sr. 

No. 
Marking on PCB Component Description 

1 U1, U2, U3, U4, U5, U6 TI OPA445AP – Op amp 

2 U7, U8, U9 Panasonic AQH612EH - PhotoMOS 

3 U10, U11, U12 ST Microelectronics LM117K 

4 Q1, Q2, Q3 On Semiconductor MTP10N10ELG 

5 J1, J2, J3 10 position DIP switch 

6 J4 DSUB25 Female 

7 J5 4 position connector for input power 

8 J6, J7, J8 2 position connectors for SMA output 

9 J11, J12, J13 3 position jumper connectors 

10 R1, R2, R3 22ohm, bussed resistor network, 10-SIP 

11 R4, R5, R6 100kohm resistor - carbon film ±5% 

12 
R7, R8, R9, R10, R11, R12, R13, R14, R15, 

R25, R26, R27 
1kohm resistor – carbon film ±5% 

13 R16, R17, R18 6.8kohm resistor – carbon film ±5% 

14 R19, R21, R23 680ohm resistor – carbon film ±5% 

15 R20, R22, R24 10ohm resistor – wire wound ±2%, 3W 

16 R28, R29, R30 15ohm resistor – wire wound ±2%, 3W 

17 C1, C20  Capacitor 103, 0.01µF, ceramic disk 

18 C3, C22 Capacitor 4.7µF, 100V, electrolytic 

19 
C4, C5, C6, C7, C8, C9, C10, C11, C12, C14, 

C15, C16, C17, C18, C19, C21 
Capacitor 104, 0.1µF, ceramic disk 
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Figure 69 Printed Circuit Board Layout 
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Figure 70 Important Connectors on the PCB
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APPENDIX C – USER MANUAL 

A. Connecting the Hardware 

The power controller hardware comprises of hardware module PCBs, a PC running 

LabVIEW and installed with National Instruments RIO device, a dual external power supply 

with positive and negative voltage outputs and cables. The user should connect the hardware 

as described below. 

i. Install the National Instruments RIO device on the PC running LabVIEW software. 

 

Figure 71 PC running LabVIEW with NI RIO device 

ii. Connect a screw terminals board, such as NI SCB-68 to the IOs of the RIO device so 

that these IOs are easily accessible. Wires can be screwed into these terminals. 

iii. Each of the hardware module PCBs has the electronic circuitry for three channels. 

Depending upon the number of channels required for an application, several number of 

PCBs can be connected in the power controller system. 
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Figure 72 Hardware Module PCB 

iv. The PCB has several input output connectors. The detailed description of the PCB and 

its components is provided in Appendix B. The power supply input connector should be 

connected to the external dual power supply.  

v. The DSUB25 connector on the PCB is used to communicate with the NI RIO device on 

the PC running LabVIEW. 

vi. DB25M cable should be used to connect the hardware module to the RIO device. One 

end of this cable is the DB25 connector with male pins while the other end has loose 

wires. 

 

Figure 73 DB25M Cable 
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vii. The pin description of this connector is described in Table 25. The other end of the 

cable has loose wires. The user should connect the appropriate wires in the cable to the 

desired IOs on the screw terminal board. 

viii. There are three SMA output connectors on the PCB for connecting three SMA actuator 

wires. Each connector has a voltage and ground pin. Care should be taken while 

connecting these pins. 

ix. All of the ground pins are internally interconnected through a ground plane. 

Table 25 Description of  pins on DB25M cable 

DB25 Pin No Connect Description 

1 DIO13 Mode Selection Ch.3 

2 DIO3 PWM Ch.3 

3 DIO12 Mode Selection Ch.2 

4 DIO2 PWM Ch.2 

5 DIO 11 Mode Selection Ch.1 

6 DIO1 PWM Ch.1 

7 NC No Connection 

8 AGND3 Ground 

9 AI3 SMA Voltage Ch.3 

10 AGND2 Ground 

11 AI2 SMA Voltage Ch.2 

12 AGND1 Ground 

13 AI1 SMA Voltage Ch.1 

14 DGND Ground 

15 DGND Ground 

16 DGND Ground 

17 DGND Ground 

18 DGND Ground 

19 DGND Ground 

20 NC No Connection 

21 NC No Connection 

22 NC No Connection 

23 NC No Connection 

24 NC No Connection 

25 NC No Connection 

 



 

123 

 

B. LabVIEW Implementation 

National Instruments LabVIEW is used to create a software interface for this system. The 

programs written in LabVIEW are called as Virtual Instruments (VIs). The general hierarchy 

of the VIs used in this system is shown in the Figure 74. 

 

Figure 74 Structure of  VIs in LabVIEW 

There are basically 2 types of VIs that are used to program the system, namely – FPGA VIs 

and Host VIs. The FPGA VIs are compiled and hard coded on the FPGA chip that exists 

on the RIO device. Two FPGA programs are used, one for power control and the other for 

current calibration process. The user interfaces for these programs are shown in the Figure 

75 and Figure 76. The host VI, on the other hand, runs directly using computer‟s resources. 

The power controller host VI is used to communicate the essential initialization parameters, 

to switch between the two FPGA VIs and to constantly monitor the acquired data. It also 

does the essential calculations to convert the integer form data on FPGA to decimal points. 

The user interfaces of power controller VI are shown in Figure 77 through Figure 80. 

 

C. How to use the LabVIEW VIs? 

i. Start the Power Controller LabVIEW project. 

ii. If the FPGA VIs are not already compiled, open each of the FPGA VIs and compile 

them. 
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iii. Once the FPGA VIs are compiled, open the Power Controller host VI. 

iv. In the host VI, the first tab is for settings. For the hardware described in this document, 

the settings should be as shown in the Figure 77. The user can also set the required 

length of time for which the program should run. 

v. In the second and third tab, the user can set the desired parameters for channels 1 

through 6. These parameters include the nature of power waveform, its amplitude, 

frequency, etc. User can also monitor the calibrated current, resistance measurement and 

the power tracking plots. 

vi. The fourth tab has resistance measurement plot for all six channels. 

vii. The user can individually set the parameters for each channel according to the desired 

result in the SMA wire connected to it. Once the settings are done, the host VI should 

be run. 

 

Figure 75 Current Calibration FPGA VI 
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Figure 76 Power Control FPGA VI 

 

Figure 77 Power Controller Host VI – Settings Tab 
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Figure 78 Power Controller Host VI – Channel 1 to 3 Parameters 
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Figure 79 Power Controller Host VI – Channels 4 to 6 Parameters 
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Figure 80 Power Controller Host VI – Resistance Measurement tab 

 

D. Other Applications 

The VIs described above can be applied to other uses. The FPGA VIs remain unchanged. 

The hard coded FPGA remains the core of the power control engine. The LabVIEW code 

in the host VI can be altered and the user interface can be modified for suitability towards a 

user-application. In addition, a top level PID controller can also be developed for position 

control applications. 


