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ABSTRACT 

This project involves the application of methods and techniques that have been 

developed for high performance control of relatively slow turning industrial machines 

and extends these techniques to the more demanding regime of AC-machines used for 

kinetic energy storage and fast AC-servos for military applications. In particular, 

techniques for fast monitoring of the output voltage of AC-generators will be discussed. 

To accomplish fast monitoring, the (sinusoidal) AC output voltage is converted to 

a DC quantity that represents the instantaneous amplitude. This is achieved through the 

use of a rotational transformation. This transformation, also called 'Vector Rotation," can 

be used for very fast observation of the momentary amplitudes of electrical machine 

quantities. The hardware that was designed to control the machines will also be discussed 

in extreme detail. The procedure is implemented by tightly integrating a digital motion 

control co-processor into the memory map of a 16-bit microcontroller. 
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CHAPTER I 

INTRODUCTION 

The precision measurement and control of power and energy in some systems is 

critical to ensure the correct operation of the system. All electrical systems, from a toaster 

oven to a large pulsed power machine, must derive their power from some energy source. 

It is very apparent that a pulsed power machine and an oven are very different systems. It 

is also important to note that they can require the same total energy to operate, but not 

over the same time scale. The pulsed power machine may only operate for a few 

milliseconds or even less, but it still requires large amounts of energy. For a system in 

which the energy transfer occurs very rapidly, high-speed diagnostics must be used. Even 

more important is that the diagnostics be real time to allow for accurate control of the 

system. 

Size and weight are also very important factors when comparing energy sources. 

The energy source needs to have a high energy density, especially in applications where 

the system must be portable. Figure 1.1 gives a relative comparison of different types of 

portable energy sources. The figure should only be used as a relative comparison because 

of the advancements made every day in energy storage systems. 

There is a great deal of interest in rotating machinery for energy storage 

applications. Part of this appeal is due to the simplicity of storing kinetic energy in a 

spinning mass. Rotating machinery also offers a unique alternative to other types of 

portable energy sources. It has the promise of a compact, low maintenance and long 

lasting energy source. Due to the high energy density available in spinning rotors and 

flywheels, rotating machinery is an excellent choice for energy storage. 
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Figure 1.1: Typical discharge time versus energy density 

The large amounts of rotational kinetic energy can be used in pulsed power 

applications. Typically, synchronous machines with a rotating DC excitation winding and 

potentially other short-circuited windings, called 'damper' or 'compensation' windings, 

are used. The damper or compensation windings give these machines the name 

"compulsator." 

The compensation windings lower the transient electrical impedance of the 

machine and thereby increase the output current and power during a sudden load 

application. It is beyond the scope of this paper to discuss the operation of a compulsator, 

but it is important to note that a compulsator is a specific type of synchronous AC 

machine designed for rotational energy storage. The operation of a compulsator is very 

similar to the operation of a normal AC machine used in power generation. 

In pulsed power applications, rotational transformations of the voltages and 

currents can be used to obtain accurate, real-time information of the vector quantities. As 

a result of the rotational transformation, the AC voltages and currents are transformed to 

DC values. The DC amplitudes represent the magnitude of the space vector, and the 



instantaneous transformation angles represent the phase angles. This transformation, also 

called "Vector Rotation,' can be used for very fast observation of the momentary 

amplitudes of all electrical machine quantities. Rotational transformations will be 

discussed in more detail in Chapter VI. 

In order to track the space vectors accurately in fast spinning machines, these 

computations have to be performed rather quickly and in small angular increments, 

especially if the system is changing rapidly as it does in pulsed power applications. To 

speed-up the computations, the use of a specialized coprocessor, such as the Analog 

Devices ADMC 201 motion coprocessor, is very beneficial. The coprocessor carries out 

the complex rotational transformations allowing the main processor to do other 

calculations. As a result, the overall control algorithm can run faster. 

Several different custom circuit boards were produced during the course of the 

project. To interface the motion coprocessor to the main processor, an adaptor board was 

required and a number of various designs were evaluated to accomplish this task. It was 

also necessary to develop several other boards, such as three-phase inverters and signal 

conditioning boards. The reasons and requirements for each of the custom printed circuit 

boards (PCB) will be covered in more detail. This project involves many different areas 

of study. Some are machine theory, power electronics, sensors, utility interaction, electric 

drives, real time control, and system modeling. For this reason, this paper will cover a 

broad range of topics. 

The monitoring and control of a fast changing system is complex. Through the 

uses of rotational transformations, very fast observation of the momentary amplitudes of 

all electrical machine quantities can be made since no averaging is necessary. This 

requires that all the subsystems of the monitoring and control operate as fast as possible. 

This in turn necessitates the use of advanced sensors, processors, coprocessors and 

programming code. All of these components are pushed to their limits and sometimes 

beyond. 



CHAPTER II 

AC INDUCTION MACHINE 

Induction motors without a doubt are the most common motors used in industrial 

applications. There are many reasons for this. They are more robust and are capable of 

operating in harsh environments. Furthermore, their cost is less compared to other 

motors. Today's induction motors are smaller, lighter, more reliable and more efficient. A 

majority of induction motors are known as squirrel-cage induction motors. 

Virtually all rotating machines can be separated into two distinct mechanical 

parts. The first part, the stator, is the outer section of the motor. It remains stationary. In 

most cases, it is wire wound on some type of ferrous core. The second part, the rotor, is 

the inner section. The rotor is the part of the motor that rotates. In most induction 

machines, the rotor is completely inaccessible. Figure 2.1 shows a cutaway view of a 

conventional three-phase induction motor. 

Figure 2.1: Cutaway view of typical induction motor 

Unlike other machines, the induction motor does not need to have moving or 

sliding contacts, such as a commutators, bushes, or slip rings that connect to the rotor. 

Because there is no need for a moving contact, reliability is greatly increased. In addition 

to being rugged, induction motors do not produce sparks like the DC motors, so they can 

be used in hazardous and explosive environments. 



Another important aspect of a typical induction machine is the actual design of 

the rotor. It is not wound with wire; rather it is built out of long metal bars that are held in 

place by thin sheets of steel. These metal bars form the "squirrel cage," hence the name. 

Figure 2.2 shows an example of the orientation for the metal bars in the rotor without the 

insulated steel laminations. 

Figure 2.2: Squirrel cage rotor 

The actual design of the rotor bars is far more complex than the figure would 

indicate. Typically, they are not circular. Normally they are more elongated and extend 

deeper into the steel laminations. In some cases, the rotor bars may also be skewed to 

reduce torque ripple caused by nonlinearities in the air gap between the rotor and stator. 

The design of rotor bars is beyond the scope of this paper. Figure 2.3 demonstrates how 

the DC rotor is wound. The commutator would connect to the left side. Figure 2.4 is a 

picture of a rotor for a squirrel cage induction machine. 

^^•k 
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Figure 2.3: DC machine rotor 



Figure 2.4: AC induction machine rotor 

There are a few important mathematical equations that must be discussed to 

understand how the rotor, stator and the entire motor operate. The first is the equation for 

kinetic energy of a rotating body. 

til /-* m 
Equation 2.1 

The kinetic energy, Em, of the motor is half of the rotational inertia for the motor, J^, 

multiplied by the angular velocity squared, cô . 

Another mathematical relation to understand is the equations for the speed of the 

rotor. The AC currents in the stator produce magnetic fields, which rotate around the 

rotor. The speed of this rotation is known as the synchronous speed. It is given by this 

equation. 

120*/s 
" U , K = • poles 

Equation 2.2 

The stator currents induce currents in the rotor, hence the name induction motor. 

Then the magnetic fields created by the currents in the rotor interact with the stator 

magnetic fields. If the rotor were turning at the synchronous speed of the motor, then the 

rotor bars would be stationary in relation to the magnetic fields produced by the stator. As 

a result, there would be no induced voltage on the rotor and no magnetic field would be 



produced by the rotor. It follows that without a rotor magnetic field the motor would not 

produce torque and would slow down because of normal frictional losses. 

This phenomenon brings about the concept of slip, ft should be clear that the rotor 

could not rotate at the synchronous speed and still produce torque. The voltage induce on 

the rotor is dependent on the relative speed difference between the synchronous speed 

and the rotor speed. It must operate slightly slower than the synchronous speed. The slip 

speed is the difference between the synchronous speed and the rotor shaft speed. 

^shp = "w"c ~ ^roior- Equatlon 2.3 

Slip is the ratio between synchronous speed and slip speed. 

slip = Equation 2.4 

This can also be expressed in terms of the rotor speed using Equation 2.5. 

n — n 
I. svnc rotor __ 

shp = — Equation 2.5 

From the above expression, an equation for the rotor speed as a function of slip may also 

be derived. 

"„„„. = (1 - slip) • «„„, Equation 2.6 

It is also important to understand the electrical frequency that is induced on the 

rotor by the stator. As mentioned above, if the rotor is rotating at the synchronous speed, 

then there is no induced voltage on the rotor and the frequency is zero. On the other hand, 

if the rotor is stalled or not moving, then the rotor frequency is the same as the stator 

frequency. The frequency induced is related to the speed difference between the 

synchronous speed and the rotor speed or the slip. 

fro,or=slip*L Equation 2.7 

Another characteristic of induction motors is breaking and reversing. Under 

normal conditions, the rotor speed operates below the synchronous speed. In the event 

that the rotor speed is above the synchronous speed, the induction motor operates as a 

generator and delivers power back to the supply. Hence, power is being transferred into 



the motor from the rotating load. This can be used to slow or break the motor and load. 

The motor will reverse direction if two of the three supply lines to the stator are switched. 

Switching the supply lines will cause a reversal of the phase sequence. This results in 

reverse rotation of the magnetic field in the stator. 

Appendix A contains the full derivation for developed torque in a 10 HP 

induction machine. The calculation is based on the steady state per-phase equivalent 

model of the induction machine. This model allows for the calculation of the stator 

currents and the torque developed in the induction motor under steady state operation. It 

is assumed that the motor has balanced voltages and currents. In a balanced system, the 

sum of the three-phase machine quantities will be equal to zero at any given time, as 

explained in Equation 2.8 and Equation 2.9. 

Va + Vtj + Vc = 0 Equation 2.8 

Ia+Ib + Ic = 0 Equation 2.9 

This per-phase equivalent model represents one-third of the full three-phase 

machine. The total power and torque of the machine would be three times the power and 

torque calculated from the model. 

R urim Ijrim sec 
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Figure 2.5: Equivalent circuit of the induction motor 

In general, the average torque developed by a machine is given by 

T mech • 
CO 

out 

rotor 
Equation 2.10 



where Pout is the mechanical output of the motor. Because of resistive losses in the stator 

and rotor, the input power does not necessarily equal the output power. 

Pout = Pin-Ploss Equation 2.11 

In the model, the rotor quantifies have been referred to the stator by considering 

the induction motor as a three-phase transformer. This is a common technique used in 

induction motor analysis. The electrical load in the equivalent circuit appears as 

R L = 
Slip Equation 2.12 

This represents equivalent motor load and is used to calculate the total power. It includes 

the resistive losses of the rotor of the induction machine. It is more convenient to define 

the ohmic or resistive losses separately. Therefore, the resistive losses are subtracted to 

obtain Equation 2.13. 

•sec 
R L = R< 

R 

•AMr 
Orim 

Slip 

^ or 

Equation 2.13 
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Figure 2.6: Equivalent model with resistive losses separated out 

From this, the output power and developed torque can be calculated. 

2 
Pout - 3 -Rf I rotor 

T mech -
3-RL' ro tor 

Equation 2.14 

Equation 2.15 
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The variable Irotor is the current through Xsec and Rsec/Slip in the equivalent circuit. 

Solving the equivalent model for the rotor current as a function of input voltage yields 

Equafion2.16 [1]. 

•̂  sec 

2 slip _ 2 Poles 
' mech - • „ 'V stator 

7t f Stator 

•^ prim + 
R ^-
•^sec 

Equation 2.16 

slip 
+ V prim + ^ secj 

It is important to note that the mechanical torque is proportional to the square of 

the stator voltage. Changes in the stator voltages can cause significant changes in the 

output torque. It is pertinent to look at a sample plot of torque versus slip relation. This 

plot is derived from a 10-HP induction machine with the machine parameters given in 

Appendix A. 

Torque versus Slip 

SIip( Speed) 

Figure 2.7: Torque versus slip 

At a slip of zero, the motor is operafing at exactly the synchronous speed. As 

mentioned earlier, the torque produced at this point is zero, which can be verified with 

Figure 2.7. If the induction machine is operating between a slip of zero to one, then the 

machine is said to be motoring. In this region, the rotor is turning slower than the 

synchronous speed and the machine is supplying torque to the load. On the other hand, if 

the machine is operafing between a slip of minus one to zero the machine is said to be 

10 



generating. In this region, the rotor is turning faster than the synchronous speed and the 

load is supplying torque to the motor. 

The reader should note there is a limit on the maximum torque. This torque limit 

is called the pullout torque. It occurs at the critical slip point. This characteristic can be 

seen in Figure 2.7 and Figure 2.8. The critical slip point can be calculated by equating the 

derivative of Equation 2.16 with respect to the slip to zero and solving for slip. This result 

can be seen in Equation 2.17. 

•^sec 

Equation 2.17 slip. 

•J Î  prim + l^prim + ^ secj 

Figure 2.8 is a plot of torque versus speed for a two-pole induction machine. A 

two-pole machine has a synchronous speed of 3600 RPM. The numerical calculation is 

given in the equation below. 

12a 60-Hz 

2-Poles 

The critical slip point can also be calculated 

= 3600 RPM 

0.18568 

•J R prim "•" V ^ prim + ^ secj 

"nUor=('^-Siip)-n,,„, 

(1 -0.1856^-360(RPM= 2931.56RPM 

Equation 2.18 

Equation 2.19 

Equation 2.20 

Equation 2.21 

11 
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Figure 2.8: Torque versus speed 

Because of the advantages of induction motors, particularity the squirrel cage 

type, they have become the most widely used type of motor. In many cases where 

variable speed drives have been based on DC motors, advancements in induction motor 

control have allowed the induction motor to replace the DC motor. As mentioned 

previously, induction motors have a clear advantage over the DC motor. As a result, 

variable speed drive systems using such technologies as vector control and 

semiconductor power switches are replacing DC drives in many industrial applications. 

12 
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CHAPTER III 

AC SYNCHRONOUS MACHINE 

The operation of a synchronous machine is similar to the operation of an 

inducfion motor. As the name implies the rotor rotates at the synchronous speed given in 

Equation 3.1. 

120*/. 
«.,., = 

poles Equation 3.1 

Unlike the induction machine, it operates without slip. The synchronous motor 

does not rely on the stator to induce voltages on the rotor. This is accomplished by 

placing a spatially fixed magnetic field on the rotor. A fixed magnetic field can be 

obtained by several different methods. 

One method is to use a permanent magnet on the rotor; this is the simplest of the 

methods. Another method is to use slip rings. Slip rings are a sliding contact on the rotor 

shaft, as shown in Figure 3.1. 

Figure 3.1: Slip rings 

The slip rings feed DC power into the rotor to produce the fixed magnetic fields. 

A common technique used on larger synchronous machines is a brushless excitation. This 

can be achieved by a machine on a machine combination. A small machine with a DC 

magnetic field on the stator produces AC voltage on the rotor as the rotor rotates. The AC 
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voltage is then rectified to a DC voltage. The small machine is connected to the larger 

synchronous machine by a common drive shaft. The DC voltage is then used to create the 

spatially fixed magnetic fields on the rotor of the synchronous machine. This type of 

machine will be discussed in more detail later in Chapter XIII. 
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CHAPTER IV 

POWER ELECTRONIC CONVERTERS 

From the perspective of power handling capability, electric circuits can be 

separated into two notable groups: power processing circuits and signal processing 

circuits. In general, the power level for signal processing circuits is in the range of 

milliwatts, whereas power-processing circuits operate at levels exceeding hundreds of 

watts. The same is true for current levels. A majority of signal processing circuits operate 

with current levels in the range of milli-amperes. In contrast, power-processing circuits 

may operate at levels well above one amp. Power electronics can be defined as a branch 

of electrical engineering involved in the conversion and control of electrical energy using 

electrical power processing circuits. 

The existing power system delivers an AC voltage of fixed frequency and 

magnitude. This power can be thought of as raw power, that for motor drive applications, 

must be conditioned. This conditioning involves conversions from AC to DC and then 

back to AC with the control of the magnitude and/or frequency of voltage and currents. 

Converters can be used in many different applications to produce different types of 

outputs. Figure 4.1 gives examples of different types of power conversion and the 

corresponding converters. 

The speed of an induction motor can be controlled by changing the number of 

poles, the slip and the supply frequency. The most effective way to obtain a wide range of 

speed control is to adjust the supply frequency to the stator. A change in frequency must 

also be followed by a change in magnitude in the stator voltage. The reasons for this will 

be explained in more detail in the chapter on induction motor control. 
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Figure 4.1: Types of converters [2] 

The production of an adjustable frequency and adjustable voltage three-phase 

source can be achieved through the use of power electronics. A power electronic inverter 

is used to generate the AC voltage necessary to drive the induction machine. This is the 

most common method used in machines and drives. An inverter converts a DC voltage to 

an AC voltage. As mentioned above, the existing power grid delivers an AC voltage of 

fixed frequency and magnitude. This must be converted to a DC voltage using a rectifier 

before being sent to the inverter. In summary, the conversion process is as follows, the 

AC voltage of fixed frequency and magnitude is converted to DC by the rectifier. Then 

the DC is converted back to variable frequency and magnitude AC by the inverter, which 

is used to run the motor. 

The first item that should be discussed is the rectifier and its operation. In the case 

of a three-phase system, the most common rectifier is the six-pulse full wave rectifier. It 

is an uncontrolled rectifier. This type of rectifier is made up of six diodes, as shown in 

Figure 4.2. 
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Figure 4.2: Three-phase uncontrolled rectifier 

At any given time, only two of the six diodes will be conducting. There are six 

different possible combinations for which two diodes will be conducting, hence the name 

six-pulse rectifier. Figure 4.3 shows this switching sequence. As the figure demonstrates, 

only two of the diodes are conducting at any given time. 

\'ae((l) 

'Db u':«' 

Irv. i i ( 0 ) 'Dc IJ 

' D . . i ' 0 » 

360 

Figure 4.3: Switching sequence 
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While two of the diodes are conducting, the other four diodes are reverse biased. 

The unique property of this configuration of diodes allows the highest line to line input 

voltage to appear at the output of the rectifier. In other words, the output voltage of the 

rectifier follows the envelope of all six line to line voltages. 
300VT 

zaov-

lODV-

-200V-

-300V+ 
Os 5EI3 lOina 15a3 20iiis 

Figure 4.4: Uncontrolled rectifier waveforms 

Figure 4.4 shows the waveforms for the AC input voltages and the DC output 

\oltage. To obtain this plot, the filter capacitor and inductor were removed. The output 

voltage is the solid green trace at the top. As the plot shows, the output voltage is not the 

ideal DC voltage. The average or DC voltage is given by the equafion below. 

V = — -V 
'^ DC '^ LL.Peak 

n 

Equation 4.1 

The AC ripple component is six times the frequency of the input voltage. For 

example, if the input signal were 60 Hz then the ripple would be 360 Hz. If the filter 

capacitor and filter inductor were included in the circuit, the ripple would be reduced. 

With the filtering components added, the output voltage ripple depends on the load, but 

the average DC voltage will always be given by Equafion 4.1 
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A few comments need to be made about the input line currents. As shown in 

Figure 4.5, they are close to rectangular. This high di/dt produces large levels of 

harmonic distortion in the supply lines. In some cases, the rectifier may produce 

electromagnetic interference that is troublesome to other nearby circuits. 

lOA 

OA 
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I(La) 
5m3 10m3 ISms 

Figure 4.5: Current waveform for uncontrolled rectifier 

20ms 

Going a step beyond, the diodes can be replaced with silicon controlled rectifiers 

(SCRs) also know as thyristors. The operation of an SCR is very similar to the operation 

of a diode. Like the diode, the SCR will only conduct in one direction. It differs in the 

fact that the time at which it starts to conduct can be delayed. Figure 4.6 demonstrates 

this type of configuration. 
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Figure 4.6: Three-phase SCR 
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By delaying the turn-on of the SCRs with respect to the turn on point for a normal 

rectifier, the average DC voltage can be adjusted. This delay is typically called the delay 

angle, a. This type of rectifier is also called a phase controlled six-pulse rectifier. The 

output voltage is given by Equation 4.2. 

n 
Equation 4.2 

If a is zero, then the phase controlled six-pulse rectifier operates like the 

uncontrolled rectifier. The firing sequence must be aligned with the input voltage for 

correct control. Figure 4.7 is a plot of the input and output voltage waveforms without a 

filter capacitor and filter inductor. For the plot, the delay angle was set at 45 degrees. 
300V 

200V 

lOOV 

10m3 20m3 25113 

Figure 4.7: SCR waveforms 

The DC voltage waveform has a much higher AC ripple component when 

compared to the uncontrolled rectifier. As the plot shows, the peak voltages are 

approximately 275 volts, whereas the average DC voltage is only approximately 190 

volts. Similar to the uncontrolled recfifier with the addition of the filtering components 

the output voltage ripple depends on the load, but the average DC voltage will always be 
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given by Equation 4.2. The current waveforms are also just as problematic as the 

uncontrolled rectifier. Figure 4.8 shows the current waveforms from one of the three-

phase source lines. 
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Figure 4.8: Current waveform for SCR 

The sharp changes in the current induce harmonics into the power systems. These 

harmonics have a very negative impact on the power systems. Real power is only 

transferred in the fundamental frequency. On the other hand, resistive and magnetic 

losses occur at all frequencies. Therefore, harmonics do not provide actual power to the 

load, but they do contribute to the losses in the power system. 

The controlled rectifier also has a low power factor. The power factor is the real 

power divided by the apparent power. At a low power factor, the real power is much 

lower that the apparent power. The current waveforms are the major disadvantage of the 

uncontrolled and controlled rectifiers. The harmonics can be filtered with a passive LC 

(inductixe capacitive) filter, but because of the low frequency of the harmonics the filter 

elements are very large and expensive. To increase the power factor and decrease the 

harmonic noise, power factor correction schemes can be used. Power factor correction 

can be accomplished through the use of pulse width modulation (PWM) control and 

semiconductor switches. Although they are very useful, the operation of power factor 

correction circuitry is beyond the scope of the paper. 

Pulse width modulafion has many uses beyond power factor correction. It is the 

most common control technique for inverters and choppers. As stated above, the inverter 

converts a DC voltage to an AC voltage. The chopper converts a DC voltage to a DC 
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voltage. The chopper regulates and controls the DC output to a load. The operation of the 

chopper can be used to explain PWM control. 

For a chopper DC-DC converter with a given input voltage, the average output 

voltage is controlled by controlling the switch's on and off durations. Figure 4.9 

illustrates this method. 

V_dc 
10V 

0.5 1 Fs=1Dk 

PWM 

Tri 

:R load 

r 
Figure 4.9: Chopper circuit 

The average value of the voltage across the resistor, V(R_load), is controlled by 

the on and off times of the switch, respectively ton and toff. One common method for 

controlling the switch is to maintain a constant switching frequency and adjust the on 

duration of the switch. In other words, the switching time period is a constant, T, that is 

equal to the sum of ton and toff. The width of ton is varied, hence the name pulse width 

modulation. 

T = ton + toff Equation 4.3 

In this method, the switch duty ratio, d, is the ratio of the on duration to the total 

switching period. 

T 
Equation 4.4 

There are other methods of control, such as varying both the on duration and the 

switching frequency. These control strategies would require a more in depth explanation 

but their operation is similar. Figure 4.10 shows the simulation results from Figure 4.9. In 
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the simulation, the duty cycle is 0.5. The custom block connected to the switch is the 

PWM signal generator. In this case, T is 100 ^s or 10 KHz in terms of frequency. 
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Figure 4.10: Chopper waveform 

As shown by the red trace in Figure 4.10, the average voltage across the load 

asymptotically approaches 5 volts. This value can be verified mathemafically. The 

average voltage can be calculated over the switching period T. 

T 1 f l„„ T 

V, avg _ load 

0 Vo 
rp m m Equation 4.5 

For the circuit in Figure 4.9 the average output voltage is five volts because the 

duty cycle is 0.5 and the input is ten volts. Under closer examination of the green trace in 

Figure 4.10, it becomes obvious that the voltage across the load is oscillating from zero to 

ten volts, which may not be acceptable to some loads. In fact, many loads, such as digital 

ICs, will not operate under this kind of oscillation, even if the average voltage is an 

acceptable value. An output filter is used in an attempt the remove the oscillations and 

give a stable average output voltage to the load. The filter is very similar to the ones 

shown in Figure 4.2 and Figure 4.6. Typically, they are passive LC filters. 

What if the duty cycle is no longer a constant value? The duty cycle could be used 

as the input control to the system. This input is known as Vcontroi- A change in Vcontroi will 

cause a proportional change in the output voltage of the circuit given in Figure 4.9. This 

should be clear from Equation 4.5. To generate a sinusoidal wave of a certain frequency 

and magnitude Vcontroi must be a sinusoidal control signal at that frequency and of 
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proportional magnitude. The converter is used to synthesize the waveform. In some ways, 

this follows the same criteria as if a discrete signal were being converted to an analog 

signal. This type of conversion requires the use of the sampling theorem and the Nyquist 

sampling frequency. In the simplest form, the sampling theorem says that the sampling 

frequency must be a minimum of twice the maximum frequency of the sampled signal. 

For example, if the sinusoidal signal has a frequency of 60 Hz then it can be recreated 

with a sampling rate of 120 Hz. In pracfice, an inverter can operate with a switching 

frequency as low as 60 Hz, although it is not very common in newer systems. This type 

of system would be called a square wave inverter. Figure 4.11 gives a comparison of the 

sine wave and the square wave. 

f j(tms) 

f-,(t-ms) 

- 1,5 

Time (ms) 

Figure 4.11: Square wave switching waveform 

The fundamental frequency component for the square wave is the same as the 

ftindamental frequency for the sine wave. Through Fourier analysis, the relative 

magnitude of the frequency components can be found for the square wave. 

4 

^mag"— Equation 4.6 

Where H is the harmonic order and can only take odd values. A plot of Equation 4.6 can 

be seen in Figure 4.12. 
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The main advantage of this type of converter is that the switches only change state 

twice per cycle. This is very important at high power levels. In general, higher switching 

frequency resuhs in higher switching losses. This will be discussed in more detail later. 

The disadvantage is the lack of output voltage magnitude control. To control the output 

magnitude, the DC input voltage must be adjusted. 
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Figure 4.12: Square wave switching harmonics 

The pure sine waveform, as shown in Figure 4.11, cannot be obtained at any 

frequency with the simple chopper circuit in Figure 4.9. The chopper circuit can be used 

to obtain an AC waveform with a DC offset. The chopper will follow the Vcomroi input, 

but the output must have an average DC value. For a pure sine wave, the average value 

over one entire cycle is zero. It should be clear that the chopper circuit, as it is defined, is 

unable to generate the negative voltages necessary for this to be true. 

This brings about the definition of the half-bridge inverter. The half bridge 

inverter can be considered as the combination of two individual chopper circuits. One 

section is used to generate the positive voltage while the other section is used to generate 

the negative voltage. The basic layout for this type of converter is given in Figure 4.13. 

The switch configuration is very common to many different types of power 

electronic converters and is known as a one-leg inverter. The first and most important 

item to note about this configuration is that both switches must not be turned on at the 

same fime. Doing so will have a very negative effect. In the condition where they are 

both conducfing or on at the same time, a direct short across the DC voltage supply is 
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present. This condition is known as cross conduction and will result in the destruction of 

the switches. 
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Figure 4.13: Half-bridge inverter 

The control for the half-bridge is very similar to the control for the chopper. In 

this case, the PWM generator creates a signal that is +15 volts for ton and -15 for toff. Both 

switches are defined so that a voltage greater than one volt will turn them on. If the 

\oltage is less than zero they are off. Figure 4.14 shows how the switch parameters are 

defined in P-SPICE. 
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Figure 4.14: Switch parameters 

The signal that drives the second switch is the negative of the signal that drives 

the first. Therefore, in the simulation they cannot both be conducting at the same time. 
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This would not necessarily be true with real semiconductor switches. With a 

semiconductor switch, cross conducfion is quite possible under these conditions. Real 

devices do not turn on or off infinitely fast as the simple switches in the model are able to 

do. There is a point in time where one switch is not quite off and the other switch is not 

quite on. As a result, they are both conducting. This current is sometimes referred to as 

the shoot through current. This current adds to the switching losses of the converter and 

should be avoided. To prevent this from occurring in a real system, blanking time or dead 

time is added between one switch being turned on and another being turned off 

The half-bridge converter can be used to create a bipolar DC voltage. The average 

DC voltage as a fianction of duty cycle is given by the equation below. 

"̂ avgjoad = '̂ in(2D - 1) Equafion 4.7 

In the equation, D is still only valid from zero to one. This is an inherent result of the 

definition of the duty cycle in Equation 4.4 on page 22. It is important to note a duty 

cycle of 0.5 will result in an average DC voltage of zero. Equation 4.7 assumes that the 

magnitude of the positive and negative supply voltages are equal. In this case, Vjn is the 

voltage of the positive supply. For example, in Figure 4.13, it would be ten volts. Figure 

4.15 shows the simulation results of the half-bridge converter with D=0.75. 
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Figure 4.15: Half-bridge simulation with constant D=0.75 

As one would expect the average output voltage is five volts. Typically, this 

configuration would not be used to create a DC voltage. This type of switching scheme is 

known as bipolar switching. Figure 4.15 shows the voltage ranges from +10 volts to -10 
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volts to generate an average of five volts. It is very inefficient to generate a DC voltage 

with this type of waveform. A more effecfive switching technique is unipolar switching. 

In unipolar switching, the operation of each switch is independent. Essentially the two 

choppers are allowed to operate independent of each other. If the desired output voltage 

is positive then the upper switch is controlled and the lower one is off On the other hand, 

if the desired output voltage is negative then the upper switch is off and the lower switch 

is controlled. The average voltage for unipolar switching is defined in the same manner 

as the bipolar switching method. 

^avgjoad = Vin(2D - 1) Equafion 4.8 

In this situation, D is not the duty cycle for the switches. The equation remains the 

same so that D may be used as a control variable from zero to one, as in the bipolar case. 

The actual duty cycle for the upper switch is a function of the control input, D. 

Di = 2 D - l Equation 4.9 

The duty cycle of the lower switch can be derived from the duty cycle for the upper 

switch. 

0 2 = - ^ ! Equation 4.10 

Figure 4.16 is the circuit representation of the equations. 
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Figure 4.16: Unipolar half-bridge inverter 

As expected by Equation 4.8 the average output voltage from Figure 4.16 is 

negative five volts. The simulation results are displayed in Figure 4.17 
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Figure 4.17: Unipolar switching waveform 

Both bipolar and unipolar switching methods can be used to obtain an AC 

voltage. In the case of unipolar switching, if Vcomroi is a sine wave as shown in Figure 

4.18, then the average output voltage will be a sine wave of the same frequency and 

relative magnitude. Figure 4.19 presents the results from the simulation for the circuit. 
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Figure 4.18: Half-bridge with unipolar switching and Vcontroi 
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Figure 4.19: Simulation results for half-bridge with unipolar switching 

The same average waveform can be obtained with bipolar switching, as shown in 

Figure 4.20. If the waveforms from unipolar and bipolar switching methods are 

compared, the differences should be clear. 
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Figure 4.20: Simulation results for half-bridge with bipolar switching 
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For the same switching frequency. PWM with unipolar switching will result in a 

lower ripple component in the output voltage when compared to bipolar switching. Both 

methods are commonly used in practice. The development of the actual duty cycles for 

the switch in unipolar switching is more complicated that bipolar. In bipolar switching, 

one switch is on and the other is off This only requires one control signal to control both 

switches. In comparison, unipolar switching requires two independent control signals. 

Sometimes, it is more convenient to generate only one control signal. 

As one might guess, if there is a half-bridge inverter then there must be a full-

bridge inverter. The full-bridge inverter is made up of at least two legs. A full-bridge 

inverter is shown in Figure 4.21. To create a bipolar signal, one that is both positive and 

negative, the half-bridge converter must have two independent power supplies. This can 

be seen in Figure 4.18. To meet the same requirements, the full-bridge inverter only 

requires one supply. In most cases, it is impractical to have two separate DC supplies. 

This configuration minimizes the number of DC supplies required to create a bipolar 

waveform. 
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Figure 4.21: Bipolar full-bridge inverter 
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This type of converter is also know as an H-bridge circuit, because of the H shape 

the load and switches form. The operation of the full-bridge is similar to the operation of 

the half-bridge. For bipolar switching, the inverter requires only one PWM generator and 

one switch control signal. If switch Aupper is on, then switch Alower is off to prevent 

cross conduction. The same is true for switches Bupper and Blower. 

The interaction of leg A and B is very simplistic and can be seen in Figure 4.21. If 

switch A_upper and B_lower are on, the load sees a positive voltage and positive current, 

as shown in Figure 4.22. 
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Figure 4.22: Full-bridge inverter with positive load voltage 

On the other hand, if A_lower and B_upper are on, the load sees a negative 

voltage and the current across the load is negative, as shown in Figure 4.23. 
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Figure 4.23: Full-bridge inverter with negative load voltage 

The simulation resuhs for this inverter can be seen in Figure 4.24. These results 

are identical to the half bridge inverter resuhs shown in Figure 4.20 on page 30. 
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Figure 4.24: Simulation results for full-bridge with bipolar switching 
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The switch controls for the full-bridge inverter in the case of unipolar switching is 

similar to the half bridge case. Figure 4.25 demonstrates how the switch controls are 

derived. As one would guess, the simulation of unipolar switch control will yield 

identical results to those obtained by the half-bridge inverter in Figure 4.19 on page 30. 

Vcontroi 

(X) 

2*V(%IN)-1 
A_Upper 

B_Lower 
o 

B_Upper 
o 

A_Lower 
O 

Figure 4.25: Unipolar full-bridge inverter switch control 

Most induction motors are powered by a three-phase source. This entails the use 

of a three-phase inverter. A three-phase source has three voltages of equal magnitude that 

are displaced 120 degrees from each other. The combination of three separate full-bridge 

inverters can be used to generate the three voltages that are 120 degrees out of phase. 

Typically, this method is not used. The main reason is the number of components 

required. The setup as describe would require 12 switches to operate. 

It is more common to take the full-bridge converter and add a third leg to the 

configuration. This will require only six switches. The basic layout for this type of three-

phase inverter is given in Figure 4.26. 
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Figure 4.26: Three-phase inverter 

The control circuitry for the switches are shown in Figure 4.27. 

IvcontroLC 
i Q PHASE=-240 
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B_Upper 
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Figure 4.27: Three phase inverter switch control 

Each leg of the three-phase inverter is controlled as an independent half-bridge. 

The average output voltage for a sinusoidal control function can be calculated based on 

the Equation 4.7 on page 27. The control inputs are given below as a function of theta. 

a 1 
Vcontrol_a = — sinle) + -

V control 
m 1 

h = sin(0 - 12adeg) + -

Equation 4.11 

Equation 4.12 

111 n 1 

VcontroLc = — sinle - 24adeg) + - Equation 4.13 

Figure 4.28 shows how the control input parameters are defined in P-SPICE. 
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Figure 4.28: Control signal parameters 

The average output voltage of the half-bridge with respect to neutral or ground is 

given below. 

DC 
v a n ( e ) : = v ( ' ^ a s i n ( e ) + l ) 

DC 
^bn(6) •= — K ' S i n l e - 12adeg) + l) 

DC 
^cn(6) •= — • K - s ' " ( e - 24(>deg) + l) 

Equation 4.14 

Equation 4.15 

Equation 4.16 

The variable ma is called the modulation index. When the modulation index is less than 

one, the inverter is operating in the linear region. In this case, the fundamental component 

of the output voltage varies linearly with the ma. 

During over modulation ma is greater than one and the control signal is saturated 

at one. Remember the range of the control input is from zero to one. It is possible to 

generate a square wave under over modulation conditions. The following plots were 

obtained by letting the DC voltage be equal to one and the modulation index be equal to 

one, as explained in Equation 4.17. 

DC:=1 ma:=l Equation 4.17 
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Figure 4.29: Normalized line to neutral voltages 

As shown in Figure 4.29, the line to neutral voltages are not a pure sine wave. 

They contain a DC offset equal to half the DC bus voltage. This is an expected result of 

the inverter. To create a bipolar signal, the half-bridge converter must have two 

independent power supplies. This inverter design only has one positive supply. Therefore, 

the inverter can only create waveforms with a positive DC offset. This DC offset will not 

have an effect on a three-phase load. 

The load operates on the line to line voltages, not the line to neutral voltages 

shown in Figure 4.29. There are six different possible line to line voltage combinations. 

They all have the same magnitude but they differ in phase. The three that are typically 

defined are given below. 

^ ab = "̂  an - ^ bn Equation 4.18 

V be = ^ bn - ^ en Equation 4.19 

^ ca " ^ an - ^ an Equation 4.20 

The above definitions for the line to line voltages are known as the positi\e 

sequence voltages. Three-phase loads can be found in two main forms. The first is a 

delta-connected load as shown in Figure 4.30. The figure shows two equivalent forms of 

the delta load. The second load type is a Y-connected load as shown in Figure 4.31. 
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Figure 4.30: Delta-connected load 
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Figure 4.31: Y-connected load 

The following is a calculation of the line to line voltages, given the line to neutral 

voltages. 

ab ^ an ^ bn 

^ ab = -^ (ma-s in le ) + l) - ^ ( m a S i n l e - 12&deg) + l) 

DC:=1 m^: = 1 

^ab = - s i n l e ) sin(e - 120deg) 

sin(a + p) = sin(a)cos(p) + cos(a)sin(p) 

Equation 4.18 

Equation 4.21 

Equation 4.17 

Equation 4.22 

Equation 4.23 
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sin(e - 12{>deg) = s in(e)cos( -12adeg) + cos(e)sin(-12{>deg) 

cos(-12adeg) = — sin(-12(>deg) = ^ 

-1 ^^ sin(e - 12&deg) = sin(e) - ^ 0 0 5 ( 9 ) 

V3 
Vgb = - s i n ( e ) + - - s in le ) + ^ - C O S I G ) 

2 4 4 

3 / I 
V3^ = - s i n ( e ) + ^ 0 0 5 ( 9 ) 

V 3 ^ _ 3 ^[1 i_Jl 
2 2 ~ 4 2 2 ~ 4 

Vab = V ^ ^ ^ . s i n ( 9 ) +-^-003(9)^ 
2 2 - V 

cos(30deg) = ^ sin(30-deg) = -

/3 
Vjj^ = ^ • ( s i n ( 0 ) c o s ( 3 O d e g ) + cos(e)sin(30-deg)) 

V-h = ^ • s i n ( 9 + 30deg) 

^ = 0.86( 
2 

Equation 4.24 

Equafion 4.25 

Equation 4.26 

Equation 4.27 

Equation 4.28 

Equafion 4.29 

This is a very important result. The peak magnitude of the line to line voltage is 

not the full DC supply; rather it is approximately 87 percent of the DC supply voltage. 

The line to line voltage also leads the line to neutral voltage by 30 degrees. The following 

relations may also be obtained for a modulation index less than one. 

V3 Equation 4.30 ^ ab_peak: ^ d c ' ^ a ' ^ 

In the balanced system, the peak voltage is the same for all the line to line voltages. 

Therefore, Equation 4.30 is valid for all the line to line voltages. 
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The derivation for the voltage waveform with a modulation index larger than one 

is more complex. Equations 4.14 through 4.16 are redefined as funcfions of the 

modulation index. 

^ a n ( e ' m J : = - Y ( m 3 . s i n ( 9 ) + l ) 

^ b n ( 9 ' ' ^ a ) : = v ( " ' a ' ' " ( 0 - 1 2 ( > d e g ) + l) 

^cnl^'-^a) •= V ' (" 'a -^ ' " (9 - 24&deg) + l) 

Equation 4.31 

Equation 4.32 

Equation 4.33 

The line to line voltages must be redefined so they saturate at zero and the DC supply 

voltage. This is the full range of output for the half-bridge inverter. 

an sat 
(9,m,):= 

^bn_sat(6'"ia) 

en sat 
(9,m,):= 

0 ifv49,m^)<0 

DC if v^„(9,m3)>DC 

^an(0. "la) if ^ani©' "v) ^ « A V3„(9, m )̂ < DC 

0 if Vb„(9,m^)<0 

DC if V(,„(9,m3)>DC 

%n(e '"^) if Vbn(9 ,nx,) > 0 A Vb„(9 .m^) < DC 

0 if Vcn(e- '^)<0 

DC if v,„(9,m3)>DC 

Vcn(e ' "^ l if Vcn(e ' ' ^ ) ^ 0 ^ v,„(9 ,m^) < DC 

Equation 4.34 

Equation 4.35 

Equation 4.36 

Figure 4.32 is a comparison of the line to line voltages for different values of ma. 

As the modulation index increases, the waveform becomes more like a square wave. This 

can be seen in Figure 4.33. The line to line voltage can be redefined as shown in Equation 

4.37. Changes in the line to neutral voltages cause a similar change in the line to line 

voltages, as shown in Figure 4.34. 

Vab_sat(6'"ia) := ^ an_sat (^'"^a) " ^ bn_sat (®'>" a) Equation 4.37 

Figure 4.35 shows the result of a large modulation index on the line to line 

voltage. The line to line voltage will always saturate at the negative of the DC supply and 

the posifive of the DC supply. 
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Figure 4.32: Line to neutral voltage waveforms for ma > 1 
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Figure 4.33: Line to neutral voltage waveforms for large ma 
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Figure 4.35: Line to line voltage waveforms for large ma 

For a modulation index greater than 1.155, the peak line to line will always be the 

DC supply voltage. This can be seen in Figure 4.34. In this case, it is more relevant to 

compare the rms values for different modulation indexes. The rms value of the line to line 

voltage is calculated using Equation 4.38 and plotted on Figure 4.36. 

V LL rm^" 'a)-- \ ~ m. 

rl-n 

(vab_sat(e.ma)fde Equation 4.38 

V LL rms' ; (%l) 

Modulation index 

Figure 4.36: Normalized rms line to line voUage as a function of ma 
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As demonstrated in Figure 4.36, the inverter is linear for a modulation index less 

than one. The line to line voltage is nonlinear when the three-phase inverter is over 

modulated or the modulafion index is greater than one. 

The three phase inverter must have a DC supply. Typically, the inverter relies on 

a three-phase rectifier, as shown in Figure 4.2 on page 17, to obtain this fixed DC 

voltage. The average DC voltage from a three-phase recfifier is given in Equation 4.39. 

_ 3 y -

^de- •v2'VLLj-ms_supply Equation 4.39 

From Equation 4.30 the rms voltage for the line to line output voltage of the inverter can 

be derived. 

1 \/3 
^LL_rms_inverter= - ' ^ - ^ de^^a Equaf ion 4 .40 

Subsfituting Equation 4.39 into Equation 4.40 yields Equation 4.41. 

^LLrmsJnver ter" ' 2 ' 7 ^ ' ^ ' ^ ^ ^ ^ - ' ^ ^ - ^ " P P ' y " ^ Equaf ion 4.41 

LLrmsinver te r ~ 7 ' " a LLrmssupp ly 

LLrmsinver te r ~ /m g- V L L j -uissupply 

Equation 4.41 is only valid for a modulation index less than or equal to one. For a 

modulation index of one, the rms output voltage of the inverter is not equal to the rms 

input voltage. In general, the output voltage of the inverter is less than the input voltage. 

In fact, as Equation 4.41 shows there is only 83 percent of the original supply voltage. 

This voltage reduction is not a result of losses in the system. The voltage vectors 

from a three-phase source are 120 degrees apart. This phase shift limits the peak line to 

line voltage that the inverter can create. The peak magnitude of the line to line voltage is 

only approximately 87 percent of the DC supply voltage from the rectifier, as explained 

in Equation 4.28. In a three-phase rectifier, the DC voltage is approximately 96 percent of 

the peak line to line. The combination of these two effects creates the 17 percent 

reducfion in the rms output voltage. 
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Equafion 4.42 is used to obtain a plot of the voltage reduction as a fiinction of the 

modulation index, shown in Figure 4.37. It is possible to use over modulation to obtain a 

waveform that has no voltage reduction. It should be made clear that a square wave or a 

triangle wave has a significantly higher rms value when compared to a sine wave. 

^eduet ionl"^) '= ^LL_rmi"ia)- —^- Equation 4.42 

V, ("^al) reduetionl"iaU 0-6 

Figure 4.37: Output voltage reduction as a function of the ma 

Figure 4.38 gives a relative comparison of the input and output waveforms. The 

figure is normalized with respect to the peak line to line supply voltage. In the figure, the 

red trace is the input supply voltage. The remaining two traces are the line to line output 

voltages from the inverter for different modulation indices. It is worthwhile to note that 

both the input supply voltage and the inverter output voltage have the same rms value for 

ma=1.85. This observation can be made from Figure 4.37. 
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Figure 4.38: Input supply and inverter output voltage waveforms 

Although over modulating the input control can be used to obtain a higher rms 

inverter output voltage, another method is commonly used. This method is known as 

third harmonic injection. The control functions are defined so they include the third 

harmonic of the square wave. The definitions are normalized so at a modulation index of 

one the control signal ranges from zero to one, as shown in Figure 4.39. 

V control_a(Q''^a)'-

^eontrol_b(Q'™a)'= 

2 
^^- sin(9) + -•sin(3-9) 
V3 V 6 

^^- sin(9 - I2adeg) + -sinls-G) 1 
+ -

Equation 4.43 

Equation 4.44 

\omo\_c{^'"^)-= 
"^ 

1 sin(9 - 24adeg) + -•sin(3-0) + - Equation 4.45 
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Figure 4.39: Third harmonic control waveforms 

With the injection of just the third harmonic, the control signal is beginning to 

look more like a square wave than a sine wave. From the control voltages, the output 

voltage of each inverter leg can be calculated using Equation 4.7 on page 27. A plot of 

the line to line voltages can be seen in Figure 4.40. 

Ir. \ DC 

M®'"ia):=V 

%n(6 '" ia)-= 
DC 

"la 

"la 

— [ sin(9) + -•sin(3-0) 
.V3 V 6 

+ 1 

Ir. \ DC 

"v-

^ ^ - sin(e - 120deg) + -•sin(3-0) 

[ sin(9 - 24adeg) + -•sin(3-9) 

+ 1 

+ 1 

Equation 4.46 

Equation 4.47 

Equation 4.48 
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Figure 4.40: Normalized line to neutral voltages with third harmonic 
injection 

The line to line voltages must be redefined so they saturate at zero and at the DC 

supply voltage. This is the full range of output for the half-bridge inverter. An example 

of this definition can be seen in Equation 4.34, Equafion 4.35, and Equation 4.36 on page 

40. Figure 4.41 shows the line to line voltage for the inverter. The line to line voltages do 

not contain a third harmonic present in the line to neutral voltages. The following 

calculation explains this result. 

Equation 4.49 

Equation 4.50 

^ a b ' ^ a n - ^ b n 

DC:=1 

''ab^ 
— •[ sin(e) + --sin(3-e) + 
.^3 V 6 ) 

-• —•[ sin(e - 120deg) + —sin(3e) I + 1 Equation 4.51 

In Equation 4.51 the third harmonic terms will cancel, in addhion the DC terms will also 

cancel. After the cancellations are carried out Equafion 4.52 is obtained. 

V, ab sin(9) - •s in(9 - 12adeg) 
2^3 2^3 

V . = - ^ 1 -!-sin(9) - - s i n i g - 12(>deg) 

Equation 4.52 

Equation 4.53 
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Following the same procedure as Equation 4.22 through Equation 4.27 and using 

Equafion 4.28 yields Equafion 4.54. 

-, n 
^ab = " ^ ~ - ' ' " ( ^ + 30deg) Equation 4.54 

V3j, = sin(9 +30deg) 

For a modulation index less than one, the line to line output voltage is linear as shown in 

Equation 4.55 

ab_peak ^ d e " ' a Equation 4.55 

'ab sat'^'-'i^V^-" 

"ab sat<e-d'=g'l'7) 

e 
Degrees 

Figure 4.41: Line to line voltages with third harmonic injection 

This plot is normalized with respect to the DC voltage. The use of third harmonic 

injection will remove the voltage reduction caused by the inverter. It will not remove the 

four percent voltage reduction caused by the rectifier. Figure 4.42 shows the total voltage 

reduction as a function of the modulation index. The small reduction at a modulation 

index of one is a result of the rectifier. Figure 4.43 gives a relative comparison between 

the supply voltage, an inverter without third harmonic injection and an inverter with third 

harmonic injection. The red trace is the input supply waveform. The blue trace is the 

inverter output waveform with third harmonic injection and the brown trace is without 

the third harmonic injection. 
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Figure 4.43: Input supply and inverter output voltage waveforms 
comparison 

Power electronic converters have many uses. Through pulse width modulation, 

almost any waveform can be synthesized. These converters can be used to interface many 

different types of loads with the utility grid that is a fixed voltage and frequency. Even 

more important, they can be used in the control of induction machines. 

49 



CHAPTER V 

INDUCTION MOTOR CONTROL 

Historically, controlled induction motors have not been used. The majority of 

induction motor drives in industrial and domesfic settings have very limited control. 

Basically, they are uncontrolled. In most cases, the user can only turn the inducfion 

machine on and off. In many instances, where speed, position and torque control was 

needed, a DC motor would have been used. Induction motors are utilized on high power 

but relafively unsophisticated machinery such as fans, pumps, blowers and compressors. 

It is apparent that these systems do not have a need for high dynamic performance 

control. 

With the use of very basic speed control techniques, a large amount of energy can 

be saved in induction motor drives. Consider, for example, a constant speed pump. Recall 

Equation 2.2. As the equation states, the speed of the induction machine is related to the 

number of poles and the stator frequency. When driving a load the induction motor is 

connected directly to a power line that operates at a fixed voltage and constant frequency. 

Therefore, the speed of the motor and the pump is essentially constant. 

Throttling 
Valve 

Constant 
Frequency 

Source 

Induction 
Motor 

Constant 
Speed 

Pump 

Figure 5.1: Constant speed pump 

As the above diagram explains, the output flow from the pump is regulated by 

choking the flow with a throttling valve. In the case where an adjustable speed drive 

(ASD) is used, the same valve could be kept open or even removed entirely. The output 
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flow is then controlled by the speed of the induction motor instead of the valve. Using a 

throttling valve is very inefficient. Considerable amounts of energy are wasted in the 

motor and the value. Not only are there energy losses associated with the valve, but there 

are also motor losses. With an ASD at low flow levels, the motor would consume less 

power compared to the uncontrolled constant speed pump. This energy savings can pay 

for the investment of an ASD very rapidly. 

Constant 
Frequency 

Source 
Induction 

Motor 

Variable 
Speed 

Pump 

Figure 5.2: Variable speed pump 

Induction motor drives can also be used in high performance control application. 

They are used as traction control for electrical vehicles. Induction motor drives can be 

found in systems that require precision torque and position control, such as machining 

tools or elevators. For more accurate control of torque and position in high performance 

drives normal control algorithms are not used. Nearly all high performance drive systems 

rely on field orientation control (FOC) to obtain accurate dynamic performance control. 

FOC will be covered in Chapter VII. 

Most existing adjustable speed drives with induction motors are low performance 

drives. These systems adjust the magnitude and frequency of the voltage and current 

supplied to the stator to control the induction machine. In general, this type of control is 

known as scalar control. It is based on the steady state equations given in Chapter II on 

induction motors. Scalar control allows for steady state speed and torque control, but is 

very limited in dynamic performance control. 
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The most common type of scalar control is a constant volts per hertz (CVH) 

motor drive. The speed of the inducfion machine is related to the number of poles and the 

stator frequency. Changing the supply frequency will change the speed of the rotating 

magnetic field in the stator. The developed torque depends on the slip speed. Assuming 

that the voltage drop across the stator resistance is small in comparison with the actual 

stator voltage then it can be said that the stator flux is proportional to the stator voltage 

and inversely proportional to the frequency [1]. 

'•'-. ~ T — Equation 5.1 

As a result, to maintain a constant stator flux and prevent the saturation of the 

stator core, the stator voltage is proportional to the supply frequency. Typically, the flux 

is held at the rated level for the motor. As the supply frequency reaches the rated 

frequency of the motor, the supply voltage should also be at the rated voltage. The 

induction motor can operate at a frequency higher than the rated frequency without 

detriment to the motor. The squirrel cage rotor is very robust and capable of operating at 

speeds above the rated electrical speed for the motor. The speed rating is typically made 

under the assumption that the machine will only be connected to a constant frequency 

supply, which is not the case with a CVH drive. Unfortunately, the rated stator voltage 

carmot be exceeded. An attempt to over voltage the stator may cause a break down or an 

over current condition in the stator windings. At frequencies higher than the rated 

frequency, the motor is operating in a field-weakening mode. In other words, the stator 

flux is below the rated level. This can be seen from the relafion given in Equation 5.1. 

A few important notes about CVH drives should be made. For low speed 

operation, the voltage drop across the stator resistance must be taken into account. As a 

resuh, the stator voltage must be raised correspondingly to compensate. The induction 

motor must operate below the critical slip point. The application of large load torque may 

cause the motor to stall. Speed control allows the user to operate the motor not only at the 

rated speed but also above and below the rated speed. Because of the rugged design of 

the induction motor, in most cases, the machine can operate up to twice the rated speed 
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without mechanical problems. This taken into account, the rated torque and power 

capabilities, as a function of speed cannot be exceeded. Figure 5.3 is an example of the 

voltage versus frequency relation in CVH drives on a per unit basis. 
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Figure 5.3: Voltage versus frequency 

The definition for this curve can be found in Appendix B. Appendix B also 

contains the derivation of torque speed curves as a function of stator frequency as shown 

in Figure 5.4. 
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Figure 5.4: Torque versus speed as a fiincfion of stator frequency 
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Constant volts per hertz drives can use a number of control topologies. The 

simplest method is open-loop control. This control will work well in conditions where the 

motor is under light loads and thus the slip is low. 
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Figure 5.5: Open-loop control 

This basic scheme can be improved through the use of current measurements. An 

esfimator can be designed to estimate the motor slip based on the motor current. The 

estimated slip is then used to compensate the speed set point. 
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Inverter 
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Figure 5.6: Slip estimator based on current 

Going a step farther, closed-loop speed control is necessary in some applications. 

Typically, the actual speed is compared with the reference speed to compute the speed 

error signal. This is then applied to the controller, which in most cases is a proportional 

integral (PI) controller. The controller generates the compensated speed. In any control 

system, there must be a limit on the slip. If the slip becomes too high, instability and over 
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current conditions may occur. The controller must exhibit saturafion at a level below the 

critical slip point. 
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Figure 5.7: Closed-loop speed feedback 

Constant volts per hertz drives are very practical in applications where high 

dynamic performance is not required. In most situations, the motor drive can even 

operate with open-loop control. Drive systems that use scalar closed-loop control with 

speed feedback are being phased out by more advanced and effective vector control 

methods. 
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CHAPTER VI 

VECTOR TRANSFORMATIONS 

Vector transformations, also know as rotational transformations, are simply 

mappings from one reference frame to another reference frame, where one reference 

frame is considered fixed, for example, the reference frame of the stator. The second 

reference frame is a rotating reference frame with respect to the fixed reference frame. 

This could be the reference frame of the rotor or the stator excitation field. 

A mathemafical description of this transformation, often referred to as the Park 

transformation, is shown in Equation 6.1. 

V. dsd 

V y qsfi J 

cos(^) - sin(^) ds V. 

sin(^) cos(^) 

Equation 6.2 is the reverse Park transformation. 

( cos(^) sin(^)^ ^ 

V 
Equation 6.1 

^ d' 

V 9' ^ 

VdsO^ 

V 
y qse J 

Equation 6.2 
sin(^) cos(^) 

The mulfiplication of the transform matrix in Equation 6.1 by the transform matrix in 

Equafion 6.2 will result in the idenfity matrix as shown in Equation 6.3. 

fcos(^) -sm{9)\ ( co^iO) sin(^)^ (\ Q\ ^ . ^ . 
= Equation 6.J 

^sin(^) cos(^) j ^-sin(^) cos(^)J ^0 \) 

The following is a numerical example of the forward rotafions. Given AC values 

with frequency co the transform can be used to obtain DC values. 

5-sin(wt) 
f( t ,w):= 

5eos(wt) 

Park_fwd(t,w):= 

Park;_fwd(t,w) 

cos(wt) - s in (wt ) 

s in(wt) cos(wt) ) 
f(t,w) 

2 2 
5-sin(w-t) + 5-eos(w-t) J 

|Park_fwd(t,w)| = 
^nA 

V^y 

Equation 6.4 

Equation 6.5 

Equation 6.6 

Equation 6.7 
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Park_fvvdt,2-7:) 

Park fvv(Jt,27i) 

5 

0 

3 

0.2 0.4 0.6 0.8 

Figure 6.1: Forward Park transform results 

Below is an example of the reverse Park transformations. Given DC values, an 

AC signal with a frequency of ro can be obtained. 

Park_rev(t, w) := 
cos(wt) s in(wt) 

^ - s in (wt ) eos(w-t) . 5 , 

Park_rev(t,w) 
5-sin(w-t) 

5 c o s ( w t ) y 

Equation 6.8 

Equation 6.9 

Park_reyt,2-7T)o 

Park_reV't,27:)| 

Figure 6.2: Reverse Park transform 

In general, the transformations are a part of field orientafion control theory. The 

original field orientation control theory was developed by Haase in 1968 and Blaschke in 

1970 [3]. 
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Field orientated control theory relates the machine quantities of the induction 

machine to the comparable DC machine quantifies. A DC machine with separately 

excited field windings allows for very simplistic torque control of the motor. In general, 

the torque generated by any machine is proportional to the cross product between the 

stator and rotor flux vectors. In a DC machine, the stator flux is stationary and always 

orthogonal to the armature current. This is an inherent result of the commutator in the DC 

machine. The stator flux in a DC machine is naturally decoupled from the armature 

current. In other words, the stator flux can be changed without changing the armature 

current. They can be considered as two separate inputs to the system. This allows fiilly 

independent control of the torque. The equation for torque in a DC machine is given 

below, 

T = k,-^/-'a Equation 6.10 

where kt is the motor constant, ia is the armature current and ?if is the stator flux [1]. 

With a DC machine, optimal torque conditions are always satisfied because the 

commutator insures the stator flux and armature current are orthogonal. The reader 

should understand there are physical limitations on both the armature current and stator 

flux. As a result, there is an ideal operating range for the armature current and stator flux 

to minimize losses in the motor. 

Torque can be used to control the motor. Equation 6.11 is the rotational 

equivalent of Newton's second law of motion. Newton's second law states that the 

acceleration of an object is directly proportional to the net force acting on it and inversely 

proportional to its mass. In other words, force equals mass times acceleration in the linear 

domain. Equation 6.12 explains the importance of the motor torque. The output torque of 

the motor is T. and TL is the torque supplied to the load. An increase in output torque of 

the motor with a constant load torque will increase the angular speed of the machine. 

Equation 6.11 

Equation 6.12 

T = 

dm 

~dt~ 

--J-

T 

dt 

-T, 
J 
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In the inducfion machine, the rotor currents are not directly controllable. The 

currents are a result of the relative motion of the rotor bars with respect to the stator field. 

In other words, the rotor currents are not decoupled from the stator currents. Therefore, 

obtaining an expression for the torque similar to that of a DC machine on an induction 

machine is not as simplistic. The torque is a function of the stator and rotor flux vectors, 

both of which are rotafing. This necessitates the use of rotational transformations. 

Through the use of rotational transformations both the magnetic field and the torque can 

be controlled independently as in the DC motor. This also permits the calculation of the 

optimal torque producing conditions. 

If the torque equations of the induction motor are rotated into the excitation 

reference frame, then it becomes possible to obtain a simple equation similar to the DC 

motor. Appendix C gives the full calculation of the torque equations for an induction 

motor. These calculations are based on the dynamic model of the induction motor and 

were carried out by Dr. Giesselmarm. The calculations yield torque Equation 6.13 [3]. 

3 P Ln, / <• 

T= - • - (.JqsMr - lds''̂ qrj Equation 6.13 
2 Z T|.-Rj. 

If A,qr=0 then the equation becomes 

3 P Lm . 
T= Uqs'̂ drj = kx-Xjrlqs Equation 6.14 

2 2 Tj-'Rr 

where 

3 P Lm 
kj = Equation 6.15 

2. 2. Tj--Rj-

As a result of the transformations, the induction motor emulates the DC machine. 

From Equafion 6.1, the reader may notice that the Park transform is designed to 

perform operations on a two-dimensional complex space vector, whereas the actual three-

phase motor quanfities are three-dimensional vectors. The three-dimensional vector does 

not form an independent basis set. Therefore, it is convenient to define a transformation 

to convert this basis set to one that is orthogonal. The abc —> dq transformation 
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transforms the actual machine quantities into a two-dimensional space vector. A survey 

of different literature sources on motor control will show that this transform has many 

different definitions. The reader will find that some are voltage and current invariant, 

power invariant or neither. In some cases, the abc -^ dq transform has been combined 

with the Park transform. The equation below is a general example in which the Park 

transform is combined with the abc —> dq transform [4]. 

eos{(t)) cos| (j) - -— cos (j) + 

a b e d q ((j)) := Constant sin (*) sin 
2-71 A . 2-7t 

sin 6 H 

3 j I 3 
Equation 6.16 

The constant multiplying the matrix can be arbitrary. It changes what machine 

quantity will be invariant as a result of the transformation. The last row is included to 

make the transform matrix invertible. The selection of V2 is also arbitrary. Equation 6.17 

explains how the transformation is used and what the resulting vector will be. 

^ v • ^ 

v„ 

V oy 

abc_dq(<j)) 

^v ^ 
Vu 

V^cy 

Equation 6.17 

The variables Va, Vb, and Vc would be the three-dimensional machine quantities. 

For example, they could represent the stator voltages. Vj and Vq are the orthogonal vector 

sets. The variable VQ is called the zero sequence component. It provides additional 

information about Va, Vb, and Vg. The last row in the transform is not necessary if the 

transformafion is acting on a balanced set of variables because the zero sequence 

component would be zero. 

If (j) = 0 then the result is a transformation from the stationary abc reference frame 

to the stationary dq reference frame. This is also known as the three-phase to two-phase 

conversion. The data sheet for the Analog Devices ADMC 201 mofion coprocessor uses 
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the term reverse Clarke rotation to describe the transformation. This data sheet is located 

in Appendix D. Equafion 6.18 shows the results of letting ^=0. 

a b e d q (0) = Constant 

2 2 

2 2 

1 1 1 
V2 2 2 y 

Equation 6.18 

The following is an example of a voltage and current invariant three-phase to two-phase 

transformation using real motor quanfities. 

Primary Voltage and Current Values from 10 hp motor example: 

220 
]p:=23.8078.-J-^'-'' ' '=S.amp 

V •= V e ^a • ^p '̂  
jOdeg 

Vb :=Vpe 
• j l 2 0 d e g 

V •= V -e' 
^ c • ^ p '̂  

j l 2 0 d e g 

U:=l.-c^'"'^ I b - V ^ " ' " " ' ' ' • a - V 'e:=Ip-^-
j l 2 0 d e g 

Define the transform matrix from Equation 6.18 with the constant equal to 2/3. 

a b e d q (0) = - 0 

-1 -1 

-V3 /̂3 
2 2 

2 2 1 
2 2 2 

Equation 6.19 

Definition of the inverse of the transform matrix with the constant equal to 2/3 is given in 

Equation 6.20. 

abedq(0 ) 
1 3 

(-
3 

-1 

3 

-1 

^ 3 

2 1 0 
3 

3 3 

1 , - 2 

3 ' 3 

Equation 6.20 

Verify the forward and reverse transforms are the inverse of each other. 
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^ i 

0 ^ £ 

I 0 l^ 
3 3 

-1 -1 , - 2 
V3 -

3 3 3 

^ 1^3 ^ 
V 3 3 ' 3 y 

1 0 0^1 

0 1 0 

0 0 i ; 

Equation 6.21 

Transform the voltages and the currents from the abc space into the dq space. Then 

normalize the vectors by the magnitudes of the original voltage and current. 

v„ 

V^oy 

:=abe_dq(0) 

^V. ^ 

Vu 

V^cy 

v̂  

V^oy 

V„ 

(\.\ 

\ oj 

abc_dq(0) 

V c ; 

A I . ^ 

V o ; 

- 1 

i 

i 

. 0 , 

Equation 6.22 

Equation 6.23 

As shown above, the magnitudes of the voltage and current are unchanged by the 

transformation. Therefore, the transform is voltage and current invariant. Then calculate 

the power in the abc system and in the dq system. In general, the power is always the 

product of the voltage and the complex conjugate of the current. 

^abc •= 

fy \ 

V. 

V^cy 

n \ 

V'cy 

Equation 6.24 

^dqo 

ry,\ 

v„ 

V^oy 

fu\ 

v 'o . 

Equation 6.25 

If the power from the two systems are compared it can be shown that the power ratio is 

1.5, as shown in Equation 6.26. 
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Pgjjj. = 8.192X 10^ + 3.898ix 10^ W 

f̂ dqo '• 

Pabe 
p 

dqo 

: 5.461 X 10 4- 2.599ix 10 W 

1.5 Equation 6.26 

If the constant is changed, then a power invariant transform can be obtained. 

Constant := — Equation 6.27 

Following the same steps as outlined in the previous calculation will yield the following 

results. 

v̂ ̂  
v„ 

V^o; 

:= a b e d q (0) 

^ I d ^ 

V o ; 

v̂. ^ 
Vu 

r\,.\ 
w„ v_ 

:=abc_dq(0) 

V c ; VoJ 

1.225 ^ 

- 1 

1.225i 

V 0 y 

/ ] -)T^ \ 

1.225i 

V 0 ) 

Equation 6.28 

Equation 6.29 

^abe = 8.192X 10^ + 3.898ix 10''W 

Pj = 8.192X 10^ + 3.898ix lO'^W 

^abe 

Pdqo 
= 1 Equation 6.30 

As Equafion 6.28 and Equation 6.29 show, the transformation is no longer vohage and 

current invariant, but it is power invariant. 

Some Clark transformations are neither voltage and current invariant or power 

invariant. They may not even follow the form given in Equation 6.16. Examination of the 

datasheet for the Analog Devices ADMC 201 motion coprocessor shows that it uses the 

transformation given in Equation 6.31 and Equation 6.32. 
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a b e d q := 

0 -1 -1 

0 ^ J -
4~3 /̂3 

vi 1 \ J 

1 0 1^ 

Equafion 6.31 

abedq 

-1 - ^ 
0 

V 
- ^ 0 
9 1 

Equation 6.32 

/ 
0 -1 -1 

0 ^ ± 
V3 ^3 

Vl 1 1 y 

0 

2 2 

V 2 2 , 

1 0 0 

0 1 0 

vo 0 1 

Equation 6.33 

Following the same steps as outlined in the above calculation for the power rafio 

will yield the following resuhs. 

/ V - N 

V„ 

V^oy 

:= a b e d q 

r i d i 

\ oJ 

^ V ^ 

Vu 

V^cy 

^ l a ^ 

^v.^ 

v„ 

V^oy 

•v„ 

:= abe_dq 

V cy 

^•d^ 

V oy 

i 

vOy 

i 

vOy 

Equation 6.34 

Equation 6.35 

As shown above, the magnitudes of the voltage and current are unchanged by the 

transformation. Therefore, the transform is voltage and current invariant. Then calculate 

the power in the abc system and in the dq system. If the power from the two systems are 

compared, it can be shown that the power ratio is 1.5, as shown in Equation 6.36 

Pabc = ^ ' ^ 2 x 10^4-3.898ix 10^ W 

P j = 5.461 X 10^ 4- 2.599ix 10^ W 

^abe 

dqo 
= 1.5 Equation 6.36 
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CHAPTER VII 

FIELD ORIENTATION CONTROL 

In order to perform vector rotations, the electrical rotational angle of the machine 

must be known. The transformafions are directly related to the electrical angle and the 

rotor angle. To explain this point further, the forward transformation matrix is given 

again in Equafion 7.1. 

Kt,] fcos(^) -sin(^) 

V 
^ ds 

V '/*y 
Equation 7.1 

sin(^) cos(6') 

The first item that should be pointed out is the variable theta in Equation 7.1 is not 

the rotational angle of the rotor, but is actually the electrical angle of the machine, unless 

the machine has just two poles. For example, a 14-poIe machine will complete seven full 

electrical cycles for one full rotation of the rotor. It could also be said that the electrical 

frequency is seven times that of the mechanical frequency. 

As mentioned in the previous chapters, the use of field oriented control theory 

allows for fast fully decoupled control of the torque and flux in the induction machine. As 

a result, it makes it possible to control the induction motor in the same fashion as a DC 

motor. The diagram below represents a very basic indirect vector control scheme for 

induction machines. The rotor flux and torque commands on the left and are the input 

control variables. Equation 7.2 and Equation 7.3 are derived from torque equations of an 

induction motor in the excitation reference frame. These are the same equations presented 

in Appendix C. 

Flu- Pe 

" e 

tererice 

FH-:* 

Torqi-J? 

'h 

v'f^>IMl' 

Lm 
Vf %a-J)) 

fkT'Vf%IN:j . 61 2 Nm (5_ 
11 %A f ? ™ 

I j V_TofCpje R_Slator=0 294 
R Rolor^O 156 
Lrn=41 001 mH 
Ls leM-1 39rT.H 
Lr leak=0 74fT.H 
J JTOf-O 4 
Limega rnt-O 0 
Poles ̂ 'f 

Ome-g_tnpch 

Figure 7.1: Indirect vector control for induction motors 
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Ve+'^r'—V.e 
dt 

'ds.e = 

"̂  Equation 7.2 

\.e d ^r.e 
'ds.e = + ^ 

Torque 
'qs.e ~ T~7 Equation 7.3 

The values for ids.e and iqs.e are vector rotated into the stationary reference frame 

and used to control the induction motor. The rotation must be done with respect to the 

synchronous speed. In this control algorithm, the speed of the motor is measured with a 

sensor. This is not the synchronous speed. Remember it differs by the slip speed. 

rinuor = (1 - slip) • «,,„̂  Equation 7.4 

The slip speed can be estimated using the rotor flux and torque commands. 

m 'qs.e . _ , 

"slip = —• ;— Equation 7.5 
r̂ Ve 

The sum of the two equals the synchronous speed. Again, it is important to note that in 

this case the rotor speed is the electrical rotor speed. 

"slip + "rotor = "syne Equation 7.6 

Finally, the speed is integrated to obtain the electrical angle. 

'^"g'^eleetrical = n dt Equation 7.7 
sync 

This is the most basic of control algorithms using FOC on induction motors. The 

torque and rotor flux are controlled in a feed forward control method. In other words, 

there are no feedback loops. As a result, the performance of this control system is very 

dependent on the accurate knowledge of the machine parameters. 
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CHAPTER VIII 

SEMICONDUCTOR POWER SWITCHES 

The switches used in power electronic converters are semiconductor devices. The 

semiconductor switches range from an uncontrolled switch to a fully controllable switch. 

Semiconductor switches perform differently than the ideal switch presented in Chapter 

IV on power electronic converters. The ideal switch responds instantaneously to a turn-on 

or turn-off command. In contrast, the response speed of the semiconductor switch is 

limited, and depends on type and size of the device. As a result, the semiconductor switch 

has a maximum allowable switching frequency. The ideal switch is loss-less, whereas 

semiconductor switches dissipate energy. The semiconductor switch has losses associated 

with the switching from the on state to the off state, known as switching losses. They also 

have conduction losses or losses while the device is on. Figure 8.1 shows a switching 

cycle for a semiconductor switch. At t=2 the switch receives a turn on signal. The 

semiconductor switch is not completely on until t=3.5. When the ideal switch is on, there 

is no voltage drop across the device. In comparison, the semiconductor switch still has a 

small voltage drop across the device. At t=6 the switch receives a turn off command. 

v(t) 

Kt) 

1 

i)i 

0 

\ / 

0 I 2 3 4 5 6 

t 

10 

Figure 8.1: Waveforms of voltage and current for semiconductor switch 
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In Figure 8.2, the power losses in the region between t=2 to 3.5 and t=6 to 8.5 are 

switching losses in the device. Losses occurring between t=3.5 to 6 would be conduction 

losses. If the device operates at a switching frequency higher than it is rated, it will not be 

able to turn completely on or off For example, in Figure 8.3 the switch is turned on at 

t=2andoffatt=3. 

p ( t ) 

Figure 8.2: Power losses in semiconductor switch 

v ( t ) 

1 

U i 

U 

1 

1 / I / 

NV 
' 

Figure 8.3: Switching waveforms 

As indicated by Figure 8.2, as the switching frequency increases so do the 

switching losses. Operating above the rated switching frequency resuhs in large 

switching losses and almost no power will be transferred to the load. 
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Diodes used in the rectifier are an example of an uncontrolled semiconductor 

switch. They turn on when forward biased and allow current to flow in one direction. 

When reverse biased they prevent the flow of current and are turned off When 

conducfing, there is a voltage drop across the diode. Therefore, the diode has conduction 

losses. Typically, this voltage drop is less than two volts. Diodes also have switching 

times and switching losses. 

Silicon controlled rectifiers (SCR) are very similar to the diodes. SCRs are an 

example of a partially controlled switch. They can be turned on with a gate control signal, 

but they turn off by themselves. A SCR will only conduct current in one direction. They 

are turned off when the conduction current changes from positive to negative. 

The two most common devices found in power electronic converters are metal 

oxide semiconductor field effect transistors (MOSFET) and insulated gate bipolar 

transistor (IGBT). Both the MOSFET and IGBT are examples of fully controlled 

switches. The MOSFET has the fastest switching speed of the power semiconductor 

switches. 

Drain 
O 

11— 
Gate o ^ 

6 
Source 

Figure 8.4: MOSFET circuit symbol 

The MOSFET is turned on by applying a voltage between the gate and the source. 

Typically, this voltage is less than 20 vohs. The impedance from gate to source is almost 

infinite. Although, during fast turn on or turn off the gate circuit will carry a short current 

pulse due to gate source capacitance. The voltage drop across the MOSFET from drain to 

source is not fixed, but rather a funcfion of the current going through the device. In the on 

state, the MOSFET can be modeled as a standard resistor. This is a unique characteristic 

of the device. The diode, SCR, and IGBT all have a fixed voltage drop, which for the 

most part, is independent of current. 
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The IGBT operates much like the MOSFET. To turn on the IGBT a voltage i 

applied between the gate and the emitter. This voltage is also less than 20 volts. Th( 

IGBT is a hybrid device, a combination of the MOSFET and normal bipolar junctioi 

transistor (BJT). As a result, the gate to emitter impedance is also infinite. 

Collector 
Q 

Gate O-

6 
Emitter 

Figure 8.5: IGBT circuit symbol 

In power electronic converters, semiconductor devices operate in only two states 

the on state or the off state. Some switches allow control of when they are conducting oi 

not conducting. While off, the current through the device is almost zero, so there are nc 

losses produced. On the other hand, there is a small voltage drop across the device whih 

on, so there are conduction losses. Although a majority of losses occurs when the devic< 

is switching states, both types of loss mechanisms must be taken in to account to preven 

destruction of the semiconductor switch by extreme temperature. 
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CHAPTER IX 

THREE-PHASE INVERTER DESIGN 

Several different three-phase inverters were designed and used during the course 

of the project. The first is shown in Figure 9.1. This is the simplest and most basic of the 

inverters. It uses six independent IGBT and six independent freewheeling diodes. 

Figure 9.1: Simple IGBT three-phase inverter 

The freewheeling diodes are a necessity when driving a load with any inductance. 

The model for an induction machine is essentially an inductor in series with a resistor, as 

shown in Figure 2.5 on page 8. In Figure 9.2, if two of the switches in the H-bridge are 

conducting, the inductor and resistor have current flowing through them. If the switches 

were suddenly turned off and the freewheeling diodes were not present, the current 

through the inductor would see a sharp change. As Equation 9.1 explains, the sharp 

change in current produces a voltage spike. 

d . 
V=L--

dt 
Equation 9.1 

The voltage spike will cause damage to the semiconductor switch. A freewheeling 

diode prevents the sudden change in the current. This can be seen in Figure 9.3. 
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Figure 9.2: H-bridge with two switches conducting 
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A D 1 D3, 
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Z3 

R 
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t ^ D2 D4 

DC(-) 

^ 

Z4 

Figure 9.3: H-bridge with two freewheeling diodes conducting 

If the voltage spike is greater than the DC bus voltage, power will be fed back 

into the DC bus from the inductor. Without the diodes, the semiconductor switches would 

be destroyed. 
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The inverter uses the Intemafional Rectifier IRG4BC40W IGBTs. Some of the 

key characteristics of the device include a rated collector to emitter voltage of 600 volts 

and a typical voltage drop across the device of only 2.05 volts. The continuous current is 

rated at 40 amps if the device is cooled. The device offers a switching frequency up to 

150 kHz. For more information about the devices characteristics, the data sheet can be 

found on International Rectifier's website [5]. 

The freewheeling diodes are also produced by International Recfifier. They are 

the HFA15TB60. This diode is rated at a maximum of 600 volts and a continuous current 

of 15 amps. The diode is an ultra fast recovery diode and will recover in approximately 

30 ns. The meaning of recover is to turn off and block negative current flow. In 

comparison, the IGBT turns on in approximately 50 ns and off in 175 ns. 

The International Rectifier IR2130 is used to create the drive signals. The IR2130 

is a three-phase bridge driver intended for use with power MOSFETs and IGBTs. It 

operates at both high voltage and high speed. The rated voltage for this device is 600 

volts. The chip has three independent high and low output channels, which are controlled 

with logic level inputs. It also has automatic over current shut down capabilities. 

The typical rise time of the output signal is 80 ns and 35 ns for the fall time. There 

is also a propagation delay from the logic inputs to the driver turn on and turn off signals. 

The turn on propagation delay is 675 ns and the turn off delay is 425 ns. The IR2130 also 

has an automatic dead time or blanking time of 1.3 |is. 

Figure 9.4 is the block diagram for the three-phase driver [5]. The block diagram 

shows that the logic inputs are inverted. In other words, to turn on the IGBT a logic low 

must be sent to the driver. Figure 9.5 is a timing diagram from the data sheet that shows 

the switching waveform. Figure 9.6 is another timing diagram that shows the dead time 

between switching states. 
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Figure 9.4: IR2130 block diagram [5] 
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Figure 9.6: Propagation delay 
and dead time waveforms [5] 

Developing the voltage necessary to turn on the lower semiconductor switches is 

very straightforward. For example, most IGBTs require 15 volts from gate to emitter to 

turn on. On the lower IGBT, the emitter is always at the potenfial of the negative DC bus. 
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Typically, the negative DC bus is considered ground. Therefore, the drive signal is 

always 15 volts with respect to ground. In contrast, the emitter on the upper IGBT is 

floating. The voltage at the emitter is always changing. It can range from the positive DC 

bus voltage to the negative DC bus voltage. To obtain the 15 volts, a floating power 

supply is required. 

Several different methods are available to obtain a floating supply. The floating 

power supply is used by the high side driver circuitry. One method is to use isolated DC-

DC converters. This method is costly and more complex. The 1R1230 does not use this 

method. Figure 9.7 shows the typical connections to the IR2130. 
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vyv 

TO 

Figure 9.7: Typical connections to the IR2130 [5] 

The IR2130 uses a bootstrap method to generate the floating power supply. This 

method is very simple, reliable and inexpensive. It does have a few limitations, which 

will be discussed in more detail. The bootstrap supply is formed by the diode (Dbs) and 

the capacitor (Cbs) shown in Figure 9.8. If the lower IGBT is turned on, then the 

capacitor is connected to ground. At this fime, the bootstrap capacitor charges through the 

bootstrap diode from the 15 volt supply. The bootstrap capacitor will be charged to 

approximately 15 volts. The charging cycle is shown in Figure 9.9. The capacitor can 

then be used to turn on the upper IGBT as shown in Figure 9.10. When the switch 

controlled by HOI closes, the IGBT sees 15 volts from gate to emitter. 
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Figure 9.8: Bootstrap components 

DC(+) 

/_ 

R1 
Z1 

.̂ D1 

Dbs 
+150 1;:}-

Cbs 

R2 Z2 

.Dca 
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Figure 9.9: Charging bootstrap capacitor 
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Figure 9.10: Discharging bootstrap capacitor 

The selection of the capacitor is somewhat critical. First, the capacitor should no 

be the electrolytic type. Electrolytic capacitors tend to be slow and may have a leakage 

current. A metallized film or ceramic capacitor is a better choice. The inverter shown ii 

Figure 9.1 uses metallized film capacitors. The size of the capacitor is based on th( 

minimum charge needed to turn on the switch. The equation for capacitance is givei 

below. 

c = ^ Equation 9.̂  

where Q is the charge and V is the supply voltage used to charge the bootstrap capacito 

minus voltage losses. The calculation for Q is given by Equation 9.3 [6]. 

L 
Qbs 

1 bs(ma>0 Icbs(l^^'^) 
2-Qg + ^ - ^ + Qls + ^ ^ 

Equation 9.'. 

Iqbs(max) = quiescent current for the 
high side driver circuitry 

Qg = Gate charge of the switch 

Qs = Level shift charge required per cycle 

5nC (500V/600V ICs) or 20nC (1200V ICs) ^ ^ g^.^^^.^^ ^^^^^^^^ 

Icbs(leak) = Bootstrap capacitor leakage current 
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From Equation 9.2 and Equation 9.3 the minimum capacitance can be calculated [6]. 

I bs(ma)^ IcbsC^^"^) 
2 Q a + ^^ + Q|c + 

C > ^ f " f Equation 9.. 
^supply - ^ f - ' ^LS- ' ^min 

Vf = Forward voltage drop across the VLS = Voltage drop across the low side 
bootstrap diode switch 

VMin = Minimum voltage to turn on switch Vss = Supply voltage 

This is the absolute minimum required capacitance. It is recommended that thi 

actual value for the capacitance be 15 times what was obtained by Equation 9.4[6]. ft i 

important to note the capacitor is only charged if the lower switch is on and the uppe 

switch is off. Therefore, there is a minimum time required for the lower switch to be oi 

in order to ensure the capacitor is fiilly charged. The upper switch carmot stay on for ai 

extended period of time, which is another setback of the bootstrap method. Eventually 

the charge in the capacitor will be depleted and the switch will turn off. A few comment: 

should be made about the bootstrap diode. It must be rated at the fiall DC bus voltage. I 

also must be a fast recovery diode. 

It is important to realize there is a parasitic capacitance across the gate to emitte 

on the IGBT and across the gate to source on the MOSFET. This is one of the mail 

limiting elements in the rise time of the device. This parasitic capacitance is used in th( 

calculation of Qg and is a parameter of the device. In Figure 9.10, a resistor limits the gat( 

current. As a result, the charging of the parasitic gate capacitance is slowed, which in tun 

slows the turn on time of the device. The presence of this resistor seems counterintuitive 

The wire connecting the drive circuitry to the gate of the IGBT will have some parasiti( 

inductance. This parasitic inductance causes several problems. A common problem i 

ringing between the parasitic capacitance of the switch and parasitic inductance of th( 

wire. The ringing can be limited by the resistor. Typically, this resistor is less than 15 Q. 

Parasitic inductance plays a very import part in the design of an inverter. Ever; 

attempt is made to keep the parasitic inductance to a minimum. Every wire, cormecto 

and switch has an inductance associated with it. The simple inverter, shown in Figure 9.1 
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does not contain a recfifier to convert AC to DC. The DC bus is fed directly by a DC 

power supply. The power supply could be some distance from the inverter. As a result, 

the lines that carry the DC power will have a large inductance. This inductance prevents 

the flow of high frequency current. Inductance resists the sudden change in current 

caused by inverters. The inverter is based on the switches turning on and off, which 

results in very sudden changes in the current. 

For the inverter to work correctly, it is necessary to buffer the DC bus with 

capacitors as close to the semiconductor switches as possible. It is very beneficial to have 

different types of capacitors to accomplish this task. The simple inverter uses electrolytic 

capacitors for bulk energy storage. As mentioned earlier, the electrolytic capacitor is not 

extremely fast when compared with other types of capacitor. In other words, it has a 

higher parasitic inductance. On the other hand, electrolytic capacitors have a higher 

energy density when compared to other capacitors. So typically, an electrolytic capacitor 

is pared up with a metallized film capacitor to buffer the DC bus voltage. The metal film 

capacitor is placed as close to the switches as possible to minimize the parasitic 

inductance. Figure 9.11 is a good overview of the locations of the different components 

of a simple IGBT inverter. As the figure shows, the metal film capacitors are located very 

close to the IGBTs. 

Figure 9.11: Top view of simple IGBT inverter 
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The figure also shows the location of the optical isolators, ft is important to have 

some type of isolafion to protect the control circuitry. The primary objective of isolation 

is to separate the grounds of the high voltage drive system and the low voltage control 

system. The most common and straightforward way to isolate is through optical isolation. 

As the name implies, the control signals are transmitted optically across an isolation 

barrier. This signal is transmitted by a diode and then received by a detector, both of 

which are in a single chip, as shown in Figure 9.12. 

ANODE 1 [T 1 , B] VCC 

CATHODE 1 [7 ' > • m y - T] Vol 

CATHODE 2 [3 m^ V02 

Figure 9.12: Hewlett Packard HCPL-2232 [7] 

The optical isolators used in this project were manufactured by Hewlett Packard. 

This 8-pin device has two independent channels. The outputs are VQI and V02. The 

operational characteristics are ideal for a microprocessor interface. The diode requires 

very little current to turn on or bring the output level high. Typical current requirements 

for each diode are less than two mA. The Schmitt triggers on the output provide a clean 

waveform for control of logic circuitry. The optical isolator also has a rated isolation 

voltage of 5,000 volts. The block diagram for the optocoupler is given in Figure 9.13. 
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Figure 9.13: HP HCPL-2232 optocoupler block diagram [7] 
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Another component of the simple three-phase inverter not mentioned thus far is 

the driver side power supplies. The IGBTs and the IR2130 driver require 15 volts to 

operate, while the control inputs on the IR2130 are only rated for a maximum of five 

volts. The power supplies for these two voltages must be separate and isolated from the 

control circuitry power supplies. If they are not isolated, the purpose of the optical 

isolators would be negated. The board has a separate input for the 15 volts DC. ft then 

uses a 7805 voltage regulator to obtain the five volts necessary for the IR2130 inputs. The 

auxiliary power supplies have been outlined in Figure 9.14. Nofice the filter capacitors 

around the regulator. There are two electrolytic capacitors and one metal film capacitor. 

Figure 9.14: Auxiliary power supplies 

The current viewing resistor (CVR), shovwi in Figure 9.14, is used to determine 

over current conditions in the inverter. The resistor is connected as shown in Figure 9.15. 

DC(^) 

'lill -n Z5 
D3 It: 

Out A 

Z4 .It: 

D5 

>Out B 

D4 ^ ^ t ; 

>Out C 

DB 

Figure 9.15: Current viewing resistor 
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The current going through the DC bus will cause a proportional voltage drop 

across the resistor. The operafional amplifier on the IR2130 is then used to increase the 

vohage. As shown in Figure 9.4, the voltage is compared with the 0.5 volt reference 

inside the driver chip. The only limitation of this type of measurement is ground faufts. In 

the event that the motor is shorted to ground, the current will not have to return through 

the CVR. As a result, the controller will not recognize this as an over current situation. A 

typical range for the current viewing resistor is less than 50 mQ. 

The printed circuit board (PCB) for the simple inverter is very versatile. It is 

possible to replace the IGBTs with MOSFETs. The replacement will not require the 

exchange of any other components on the board. In fact, the MOSFETs do not even 

require the freewheeling diodes. The MOSFETs have a body diode as an inherent result 

of the way they are manufactured. The body diode can eliminate the need for a 

freewheeling diode. Unfortunately, the body diode is relatively slow, so in some 

applications it will need to be bypassed by an external fast recovery diode. Figure 9.16 

shows the inverter with the MOSFETs instead of IGBTs. 

Figure 9.16: Simple MOSFET inverter 

The inverter uses the International Rectifier IRF740 MOSFETs. The MOSFETs 

are rated for a maximum drain to source voltage of 400 volts. If they are cooled, the 

MOSFETs can operate at 10 amps continuous current. The Rds(on) for the MOSFET is 
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0.55 Q. This is the on state impedance from source to drain. From this information, the 

power dissipated in the MOSFET at the rated current can be calculated. 

P = r-RjgCon) Equation 9.5 

(10A)^(0.55Q) = 55watt 

In comparison, the losses for the IGBT can be calculated using Equation 9.6. 

P=VI Equation 9.6 

(2.00V)(10-A) =20W 

(2.36V)(40A) = 94.4W 

The variable V in Equation 9.6 is the voltage drop from collector to emitter on the 

IGBT. This value can be found on the data sheet for the device. At the same current level, 

the MOSFET generates more than twice the conduction losses as the IGBT. Remember 

this is not even the same power level as the IGBTs. The IGBT operates at 600 volts, 

whereas the MOSFET only operates at 400 volts. 

It is easy to see why the MOSFETs in Figure 9.16 have heat sinks attached to 

them. Even operating at low power levels the MOSFETs tend to get warm. One 

advantage not mentioned about MOSFETs is that they have a positive temperature 

coefficient on the drain current. This means the temperature of the device increases, 

while the conducted current decreases. As a result, multiple MOSFETs may be paralleled 

without difficulty and each device will share the current equally. This will not only 

decrease the conduction losses per device, but it will also decrease the total conduction 

losses in the system. 

The next inverter design is a bit more complex. The design is based on the 

Semikron MiniSKiiP 2 integrated intelligent power module. One single device contains a 

three-phase bridge rectifier, three-phase bridge inverter and a braking chopper. The 

inverter uses IGBT for switching, and normal diodes in the recfifier. The device package 

also includes current viewing resistors. A picture of the device is shown in Figure 9.18 

and Figure 9.19. The schemafic is given in Figure 9.17. The module also contains a 
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temperature dependent resistor. This resistor can be used by the controller to monitor the 

device temperature. 
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Figure 9.17: Semikron MiniSKiiP 2 Schematic 

i f < ^ 

mi 4' 

^ . ^ . ^ ' ^ 
^ i *f^ft, 

B^y 

Figure 9.18: MiniSKiiP 2 Figure 9.19: MiniSKiiP 2 
pressure contacts 

The device relies on pressure contacts to make the connection to the PCB. The 

contacts are spring-loaded and can be seen in Figure 9.19. The pressure plate is used to 

hold the MiniSKiiP on the circuit board and maintain a constant pressure across all the 

contacts. The plate is the black plastic top shown in Figure 9.18. 

The IGBTs in the inverter are rated at 30 amps and 600 volts. They have a turn on 

delay of 50 ns and a rise time of 80 ns. The turn off delay is 250 ns and 500 ns for the fall 

time. The chopper IGBT is smaller than the inverter IGBTs and only rated for 20 amps. 

The purpose of the chopper IGBT will be explained in more detail later. The individual 
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components of the MiniSKiiP are mounted on a ceramic wafer for isolation. The ceramic 

material allows heat transfer for each of the individual components, while still 

maintaining electrical isolafion. On the backside of the ceramic wafer, a piece of copper 

is attached for increased thermal conductivity to a heat sink. Figure 9.20 shows how the 

individual components are mounted on the ceramic wafer. This device was damaged 

during testing. The IGBTs for the inverter were destroyed by a short circuit current. They 

would normally have a silver top, similar to the brake chopper IGBT. The components in 

the device are covered with a clear gel to prevent surface breakdown. The gel makes 

imaging of the device very difficult. 

V 1 I' ' u 

f.n PQ 
^ ^ 

...£. m 

p^ratu 
mmm 

Figure 9.20: MiniSKiiP 2 components 

This is the first design that used the MiniSKiiP 2 module, ft was also the first time 

several new design ideas were implemented. The inverter is shown in Figure 9.21. As in 

the previous inverter design, the International Rectifier IR2130 driver was used. The 

driver and the high side IGBTs still rely on bootstrap capacitors to develop the floating 

power supplies. The bootstrap capacitors are immediately above the IR2130 in Figure 
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9.21, and the three bootstrap diodes are to the left of the capacitors. Unlike the simple 

inverter, this inverter receives power from a three-phase AC source. Then the rectifier 

diodes in the MiniSKiiP module convert the AC to DC. 

It is more convenient to obtain the voltages necessary to run the optocouplers and 

the IR2130 from the main power supply for the inverter. The simple inverter required 

four different power supplies, one for the controller, one for the optocouplers one for the 

1R2130 and one for the actual inverter. 

Figure 9.21: MiniSKiiP 2 inverter first design 
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The blue box located to the right of the pressure plate is a PCB mount 

transformer. The transformer has an input of 230 V and 18 V output. The output from the 

transformer is rectified and sent to two linear regulators. The regulators supply the 

necessary 5 V and 15 V. As a result, only two isolated power supplies are needed, one for 

the controller and one for the high voltage side. 

Fuses were another addition to this design. The tan cylindrical components 

located below the IR2130 are the fuses. The fuses add extra protecfion in the event of a 

fauh. For example, if the IGBTs fail the full supply voltage could appear on the IR2130. 

After the IR2130 is destroyed, the high voltage would continue its way to the 

optocouplers. The optocouplers are rated to isolate this voltage from one side to the other, 

but they cannot withstand this voltage across the output. This high of a voltage will 

destroy the optocoupler. If the current level is high enough, h may even couple across the 

isolation barrier into the input stages of the optocoupler. The fuses prevent a large current 

from going through the optocouplers. 

This inverter contains a few design flaws. The IGBTs lacked pull down resistors 

on the gates. It is possible for the gate capacitance on the IGBT to contain enough charge 

for the device to be partially on. With this design, the IGBTs can receive power before 

the IR2130 driver chip receives power. In the case where the IGBTs are not completely 

off and the power comes on, a short circuit can result. At power up, the IR2130 may not 

have the drivelines initialized and the IGBTs can be at unknown states, but the bus 

voltage is already present. Such a situation occurred. After testing for sometime, the 

inverter finally failed. The power was cycled and then a majority of traces on the circuit 

board were instantaneously vaporized. In addition, all of the fuses were blown and the 

IR2130 was no longer functional. Not to mention the MiniSKiiP was severely damaged. 

This was the MiniSKiiP with the destroyed IGBTs, shown in Figure 9.20. For these 

reasons, a more advanced inverter was designed. 

The next inverter was also based on the MiniSKiiP 2. A picture of the inverter can 

be seen in Figure 9.22. The inverter uses the International Rectifier IR2132 driver. This 

driver is almost identical to the IR2130. The major difference between the two is the dead 
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time. 2.5 ^s for the IR2130 versus 0.8 îs for the IR2132. The 1R2132 is easily 

identifiable in Figure 9.22, because it is a 28 lead SOIC (Small Outline Integrated 

Circuit). In the figure, the three bootstrap diodes are directly above the 1R2132. The 

bootstrap capacitors are dark brown and immediately right of the diodes. 

Figure 9.22: MiniSKiiP 2 inverter second design 

A large number of the components in this design are surface mount, whereas the 

previous designs used only through-hole components. A surface mount component is 

typically half or even a quarter of the size of the equivalent through-hole component. As 

a result, the PCB can be smaller and more compact. For example, the pressure plate has 

small openings on the bottom side, as shown in Figure 9.23. The openings allow 

placement of surface mount parts below the pressure plate. Figure 9.24 shows how the 

gate resistors are placed under the pressure plate on the PCB. The lower three IGBT all 

have pull down resistors. This will prevent accidental cross conduction on power up. 
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Figure 9.23: Back side of pressure plate 

Figure 9.24: MiniSKiiP 2 inverter second design without pressure plate 

Another item that should be noted is the addition of more buffer capacitors to the 

DC bus. The total capacitance is double that of the previous converters. The larger 

capacitance raises the concern of current inrush levels. If the capacitors are completely 
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discharged and the three-phase source is connected, an over current situation can occur. 

The capacitors are inhially seen as a short circuit by the source. In fact, the main limiting 

factors on the current are the parasitic inductance and resistance. Figure 9.25 gives an 

example of how drastic inrush currents can be. In the figure, the blue trace is the output 

current from the auxiliary power transformer and the purple trace is the output voltage 

from the transformer. In this case, the power is turned on at the maximum voltage point. 

As the figure demonstrates, the inrush current is more than four times the steady state 

current. It also only occurs during the first few cycles. 
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win 
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Figure 9.25: Inrush current 

To prevent inrush current, a negative temperature coefficient (NTC) device was 

used. The NTC or inrush limiter is labeled in Figure 9.24. As the temperature of the NTC 

increases, the resistance of the device decreases. As a result, when the inverter is turned 

on and the NTC is cool, the resistance is approximately 5 Q. This resistance is high 

enough to prevent a large inrush current. Once the device warms up internally, the 

resistance gradually decreases to approximately 25 mQ. This may only take a few 

milliseconds but it is sufficient to limit the current. The only draw back for this device is 

it will remain warm for a few minutes after the inverter is turned off If the power is 

cycled rather quickly and the DC bus voltage returns to zero an inrush current can still 
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occur. When the source voltage is applied, the NTC will sfill have a low resistance, but 

the DC bus will be discharged. The NTC is connected as shown in Figure 9.26. A more 

effective way to control the inrush current is to use a controlled rectifier or a triac based 

design. A triac is a device composed of two anti-parallel SCRs. The triac could be 

connected in a configuration as shown in Figure 9.27. Once the steady state DC bus 

voltage has been reached, the current limiting resistor can be by passed by the triac. 
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Figure 9.26: Inrush limiter 
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Figure 9.27: Triac inrush limiter 

The advanced inverter also has current sensors for feedback control. The current 

sensors are also labeled in Figure 9.24. This particular sensor is produced by LEM 

Components. This device is a closed loop Hall Effect current sensor. The sensor is shown 
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by Itself in Figure 9.28. The design is very compact and intended for PCB mounting. For 

zero current, the output voltage is 2.5 volts. The output of the sensor ranges from zero to 

five vohs. This output range is ideal for microprocessor control. The sensor can be 

reconfigured for mulfiple ranges by changing the number of turns on the primary. The 

three possible ranges are 25, 12, and 8 amps rms current. 

Figure 9.28: LEM current sensor 

The IR2132 still relies on the CVRs in the MiniSKiiP module to detect an over 

current situation. As a result the IR2132 will automatically shut down the inverter if an 

over current situation occurs, independent of the controller. This gives an added level of 

safety to the system. 

The advanced inverter design also develops the necessary voltages required by the 

optical isolators and the IR2132 without additional DC power supplies. Figure 9.29 

shows the bottom side of the PCB. The light blue component in the figure is a compact 

PCB mount transformer. The transformer is mounted directly below the large electrolytic 

capacitors used to buffer the main DC bus. This mounfing configuration saves a great 

deal of space compared to the previous design. A jumper on the top side of the PCB is 

used to select the configuration for the input of the transformer. An input voltage of 120 

VAC or 208 VAC can be selected by changing the jumper. 
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The advanced design does not use linear regulators to obtain the 5 and 15 volts. 

Instead, switching regulators were used. The switching regulators operate over a wider 

input range and are a great deal more efficient than the linear regulators. 

Figure 9.29: Bottom side of the MiniSKiiP 2 inverter second design 

The main drawback for the switching regulator is the additional components that 

are required. Figure 9.30 is a close up view of the two switching regulators and a few 

other components of the auxiliary power supply. 

Figure 9.30: Switching regulators 
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This type of switching regulator is also know as a buck converter and operates 

like the chopper described in Chapter IV with the addition of a few filtering elements. 

The two semiconductor devices in the TO-220 package shown in Figure 9.30 are the 

switching regulators. The regulator contains a switch rated at one-amp continuous current 

and a feedback controller, in a small-integrated package. The schematic for the complete 

auxiliary power supply circuit is given below. 
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Figure 9.31: Auxiliary power supplies 

The advanced inverter design also has an integrated brake IGBT driver. This is an 

absolute necessity for this type of inverter, because the three-phase rectifier only allows 

power flow in one direction. In normal operation, the power flows from the three-phase 

source through the rectifier to DC bus, then through the inverter and out to the motor. If 

the motor is turning at a set speed and the operator decides to select a slower speed, then 

the additional rotational energy in the rotor must be dissipated in order to obtain the 

slower speed. In other words, the motor will act as a generator and supply power back to 

the inverter. The freewheeling diodes on the IGBTs allow power to flow back to the DC 

bus from the motor, but the rectifier prevents the power from flowing back to the original 

three-phase source. This energy must go somewhere. Because it cannot flow back to the 

three-phase source, it remains on the DC bus. As a result, the DC bus voltage shoots up. 

This is a very critical problem. 

The voltage jump can be hundreds of volts. In this design, the electrolytic 

capacitors are rated at 450 VDC. As described in Equation 4.39 on page 43 an input of 
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208 VAC to the recfifier will result in an approximate DC bus voltage of 280 VDC. A 

sudden change in the requested speed can easily cause a 200-volt jump in the DC bus. 

This voltage jump can force the DC bus voltage past 450 VDC. Operating capacitors at or 

above their rated voltage limits can have deadly results and should be avoided. 

The brake chopper is an alterative way to dissipate this energy. Figure 9.32 shows 

the basic layout for the brake chopper. As the name implies it is another form of the 

chopper discussed in Chapter IV. If the voltage on the DC bus becomes too high, the 

IGBT turns on and dissipates energy in the resistor. The current flow is shown by the 

arrows in Figure 9.32. To allow better control of the energy flow the switch is controlled 

through pulse width modulation (PWM). 
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Figure 9.32: Brake chopper 

The advanced inverter design contains a PWM controller that monitors the DC 

bus voltage. The schemafic for the controller is given in Figure 9.33. The principle of 

operation is very basic and effective. The integrated circuit (IC) in the center of the 

schemafic is a PWM generator. For an input of 2.5 volts, the output duty cycle is 50%. 

For 1 volt and 4 volts, the output duty cycles are 0% and 100% respecfively. The two 

zener diodes are attached in series to the DC bus. Each diode has a reverse voltage drop 
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of 175 volts. When combined in series the total voltage drop across the two diodes will 

be 3.">0 volts. The two diodes are also connected in series with two resistors, as shown in 

the schematic. This configuration results in a nonlinear control curve. As long as the DC 

bus voltage is below 350 volts, the PWM generator has a 0% duty cycle. Above 350 

volts, the duty c\cle varies linearly with the DC bus voltage. The potentiometer allows 

the user to set how the duty cycle changes with respect to the DC bus voltage. 
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Figure 9.33: Brake IGBT controller 

For added safety, a clamping diode was used to prevent the PWM control voltage 

from exceeding the five-volt maximum for the IC. One final comment about the brake 

controller is the output signal from the PWM generator is sent to a low side driver IC. 

This driver outputs the 15 volts required to turn on the brake IGBT. Figure 9.34 gives an 

overview of the left side of the advanced inverter. 

This inverter does share a few common elements with the previous designs. The 

design still contains the optical isolators produced by HP. They can also be seen in Figure 

9.34. The fuses used in the advanced design are smaller and faster than the previous 

design. A great deal of time was invested in the layout of the PCB traces and the design 

of the DC bus. The top side of the PCB layout is shown in Figure 9.35 and the bottom 

view in Figure 9.36. 
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Figure 9.34: MiniSKiiP 2 inverter left side of second design 
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Figure 9.35: Top side of PCB 
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Figure 9.36: Bottom side of PCB 

As the above figures validate, the second inverter design based on the MiniSKiiP 

module is more advanced than the previous inverters. With the addition of integrated 

current sensors, automatic over voltage protection, larger DC bus capacitance, surface 

mount components, switching regulators, lower inductance DC bus and many other 

advances the inverter is very capable and compact. The fiill layout schematics for the 

design can be found in Appendix E. 
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CHAPTER X 

SIGNAL CONDITIONING BOARDS 

During the course of the project, several signal conditioning boards were designed 

and assembled. The first to be discussed is a conditioning board intended to operate in 

conjunction with the integrated current sensors on the inverter. The output from the LEM 

current sensor is centered at approximately 2.5 volts. One major problem is the sensor 

can drift ± 0.6 volts away from the 2.5 volts. This offset must be taken into account and 

corrected. Unfortunately, the current signal should not be centered at exactly 2.5 voUs. It 

must be centered at the reference voltage for the ADMC 201 motion coprocessor. 

The reference voltage for the coprocessor is 2.5 ± 0.125 volts. Under typical 

conditions, the reference voltage for the motion coprocessor was approximately 2.38 

volts, while the nominal output voltage from the current sensor was 2.7 volts. The mofion 

coprocessor uses twos-complement mathematics to compute the vector rotations. If the 

current signal is not correctly centered about the reference voltage of the ADMC 201, the 

vector rotations will yield incorrect results. 

The board has a very compact form. An unassembled version of the board can be 

seen in Figure 10.1. A majority of the devices in the circmt are surface mount. The PCB 

also has components mounted on the top and bottom side in an effort to save space. 

Figure 10.1: Current signal condition board 
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The board condifions the signals from both the current sensors. The schematic for 

one of the channels is given in Figure 10.2 below. The IC named AMP-04 in the 

schemafic is a single supply, high precision instrumentation amplifier. It offers an 

excellent combination of accuracy and gain performance. It is also in a small surface 

mount package. 
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Figure 10.2: Schematic for the current signal condition board 

The offset adjustment is made with the potentiometer RU2, shown in the above 

schematic. Along with correcting the offset, the signal conditioning board also increases 

the magnitude of the current signal. The gain of the amplifier can be set by a single 

external resistor. The resistor is connected between pins one and eight on the IC. The 

circuit is configured to allow different gains to be selected by a simple jumper change on 

the PCB. Jumper sets Wul and Wu2 permit different values of resistance to be chosen. 

It is worthwhile to point out the part U13 in Figure 10.2. This is a high precision 

voltage reference. The device is basically a zener diode with a very sharp knee on the 1-V 

characteristics curve. The output from the voltage reference is 3.5 volts ± 0.5%. This 
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voltage is buffered by an operafional amplifier connected as a voltage follower. It would 

have been possible to use the 5-volt supply to bias the potentiometer for adjusfing the 

offset, but the 5-volt supply may have some variance. In most cases, it will not be 

completely fixed at exactly 5 volts. This voltage variance will have a negative effect on 

the offset point. The output of the precision voltage reference is independent of the 5-volt 

supply. Therefore, the 3.5 volts used to bias the potenfiometer is always stable. 

As mentioned above, the design of the PCB is very compact. The motivating 

factor in keeping the PCB size small it to allow the finished board to fit inside a small 

aluminum prototyping box. The aluminum box helps to prevent electrical noise from 

coupling into the current signal. A fully assembled board mounted inside the aluminum 

box is shown in Figure 10.3. 

Figure 10.3: Assembled current signal condition board 

The signals from the current sensors enter the box through the BNC connectors on 

the left side in the figure above. Once the offset has been adjusted and gain has been 

applied, the output passes through the 6-pin DIN connector on the right side. The DIN 

connector has several inputs along with the two outputs. Aside from the ground and the 

5-volt supply inputs, it also has an input pin for the reference voltage of the ADMC 201. 

Another set of inputs is provided so the offsets can be externally set instead of using the 

internal potentiometers. For example, a microcontroller could calculate the nominal 

voltage and then adjust the output so the value is correctly centered. 
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The compact nature of the design can also be seen in the PCB layout as shown in 

Figure 10.4 and Figure 10.5. The actual design is only 1.5 inches by 2.5 inches. That is 

even smaller that the layouts shown below. The board has more than double the number 

of components shown in the schematic for one channel, shown in Figure 10.2. 

" O 

O Mff-^ 
o 

Figure 10.4: Top side of the current 
signal conditioning board 

Figure 10.5: Bottom side of the 
current signal conditioning board 

The current signal condition board operated as designed and worked well during 

testing, although the design could use a lowpass filter to remove high frequency noise 

from the current sensors. As mentioned in Chapter IV, power electronic converters tend 

to emit electromagnetic interference (EMI). The aluminum box was selected to prevent 

the EMI from coupling into the signal conditioning board. Unfortunately, the box cannot 

prevent the EMI from coupling into the current sensor. A great deal of effort was spent in 

minimizing the coupling. Referring back to Figure 9.36 on page 98, the ground planes 

surrounding the current sensors can be easily seen. Some amount of switching noise on 

the current signal is common and acceptable. 

The next signal conditioning board is more complex. The purpose of this signal 

conditioning board is to provide real time voltage measurements from a three-phase 

source to a microcontroller. It was designed to make isolated vohage measurements up to 

a peak voltage of 1 kV. The three-phase voltage monitor is based on a Y-connected 

resisfive divider, as shown in Figure 10.6. 

The operafion of the board is very straightforward. Three identical circuits are 

required, one for each phase. The schemafic for one of the circuits is shown in Figure 

10.7. A differential amplifier is used to measure the voltage across the resistive divider. 
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Decoupling capacitors are required to block any DC voltage offset that may be present on 

the source voltage. This particular differential amplifier was selected because it has a 

reference input pin. The output signal is offset by the voltage present on the reference 

input pin. A high precision 2.5 voh source similar to the one described for the current 

signal conditioning board can be used to generate a reference signal for the amplifier. 

This is an important feature. The typical sampling range for an analog to digital converter 

(ADC) inside a microprocessor is only 0 to 5 volts. An AC waveform centered at 2.5 

volts is ideal for this ADC. It is also important to note that a voltage below 0 volts or 

above 5 volts will cause severe damage to the ADC. 
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Figure 10.6: Three-phase resistive divider 
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Figure 10.7: Single phase of the voltage monitor 

The board was designed to operate with ADC on microprocessors, but it was also 

designed to operate as a stand-alone isolafion board for oscilloscopes and other data 

storage devices. The board has a single jumper that will set the reference voltage for the 

differenfial amplifiers at 2.5 volts or 0 volts. The board will also operate in bipolar mode 

or unipolar mode with changes of a jumpers. 
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The actual analog signal is isolated using an isolation amplifier produced by 

Texas Instruments (TI) or Burr-Brown, which is a subsidiary of TI. The ISO 124 is a 

precision low cost isolafion amplifier. The isolation amplifier is rated for an isolation 

voltage of 1.5 kV. The device is fundamentally an ADC and digital to analog converter 

(DAC) in one small package. It is beyond the scope of the paper to describe the complete 

theory of operation for this isolation amplifier. However, it is important to understand 

that the input signal is duty cycle modulated across a small internal capacitor and then 

demodulated on the other side. The modulation frequency is approximately 500 kHz. To 

minimize the power supply feed through noise, a n filter is placed on both the input and 

output power supplies, as shown in Figure 10.7. The two long SOIC components located 

in the center of the PCB in Figure 10.8 are the ISO 124 isolation amplifiers. 

Figure 10.8: Top view of the three-phase voltage monitor board 
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ft is easy to see how densely the parts are placed from the Figure 10.8. Again, an 

attempt was made to minimize the circuit board size so that it can be easily mounted 

inside an aluminum box. In this design, even more components are located on the bottom. 

The layout for the PCB is given in Figure 10.9 and Figure 10.10. This board is only 3 

inches by 4 inches or about the size of the figures below. 

Figure 10.9: Top side of the voltage monitoring PCB 

Figure 10.10: Bottom side of the voltage monitoring PCB 
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A large gap was placed between the two isolated sides, as shown in Figure 10.9 

and Figure 10.10. It is important to remember isolation separates or isolates the grounds 

from one circuit to another circuit. In the event of a fault on the high voltage side, the 

high voltage ground plane can become elevated with respect to the other ground. As a 

result, a surface flashover can occur from one ground plane to the other, which would 

negate the isolafion. The gap is used to protect against a breakdown from one isolated 

ground plane to the other. 

The design presented here is actually the second generation of the three-phase 

voltage monitor. The first generation is shown in Figure 10.11. The PCB is not the most 

elegant design created, but ft did give valuable insight used in the second generation. 

Figure 10.11: First generafion three-phase voltage monitor 

A major flaw of the first design was the arrangement of the Y-connected resistive 

divider. The resistors used in the design are only rated for a peak voltage of 400 volts. It 

would be ideal to use resistors rated at 1 kV. Unfortunately, resistors rated at IkV are 

much larger, have an unnecessarily high power rating and are difficult to obtain. In this 

case, the voltage rating of the small resistor is not related to a power limitafion for the 

device, but rather the hold off voltage. At a higher voltage, a surface flashover from one 

side of the resistor to the other can occur. Tesfing shows this voltage is greater than 1.2 

kV. It is more common for a breakdown to occur between the resistor and the ground 
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plane. In the original design, breakdowns would take place at voltages less than 350 

volts. This effect was taken into account for the second design. Figure 10.12 shows a side 

view of the second design and the resistive voltage divider. 

Only three elements are subject to high voltages: the input block, the fiise and the 

first resistor in the divider. As the figure below shows, the resistor and fiise are elevated 

above the board to help prevent surface flashovers. A much higher voltage is required for 

an open-air flashover, when compared to a surface flashover. 

Figure 10.12: Side view of the three-phase voltage monitor board 

In the second design, the lengths of the traces subject to high voltage are limited 

to an absolute minimum. The ground plane surrounding the fuse and the first resistor in 

the voltage divider has also been removed. This can easily be seen in the Figure 10.11 

above. Figure 10.9 and Figure 10.10. The hold off voltage of the improved layout is 

above 1.2 kV. At this point, a surface flashover occurs across the resistor. A voltage of 

1.2 kV is well above the requirements and more than the monitoring board will 

experience during normal operation. 

A few more changes were made between the first design and the second design. 

The original design used isolated DC-DC converters produced by Power-One. The 
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Power-One DC-DC converter can be seen in Figure 10.11. The size and cost of this DC-

DC converter are quite large. It has a power rating much higher than required. The larger 

Power-One DC-DC converter was replaced with two miniature, 2 W isolated unregulated 

DC-DC converters. The new DC-DC converters were produced by TI and have 

efficiencies up to 89%. They also have the same package size as the ISO 124, which 

makes the board layout more symmetrical. The DC/DC converters were mounted on the 

bottom of the voltage monitoring board, as shown in Figure 10.13. The schematic for the 

connections to the DC-DC converters is given in Figure 10.14. In the schematic, the 

power flow is from left to right. 

Figure 10.13: Bottom view of the three-phase vohage monitor board 

Two separate DC-DC converters were required to create the bipolar power 

supplies need by the differenfial and isolation amplifiers. The DC-DC converter is a basic 

flyback transformer topology. A modified half-bridge converter is connected to the input 

of a center-tapped transformer. The switching frequency of the half bridge is 
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approximately 400 kHz. The output from the transformer is also center-tapped to allow 

for fiill wave rectificafion by two diodes. The block diagram for the DC-DC converter is 

given in Figure 10.15 [8]. The synchronization pin is used to synchronize the switching 

frequencies of the two separate DC-DC converters. When more than one DC-DC 

converter is in a design, beat frequencies and other electrical interference can be 

generated. Synchronizafion prevents power rail beat frequencies. 
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Figure 10.14: Unregulated DC-DC converter 
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Figure 10.15: Block diagram for unregulated DC-DC converter [8] 

The DC-DC converter has an unregulated output. In other words, there is no 

feedback control for output voltage. As a resuh, the output voltage swing of the device is 

quite large. The nominal voltage for the selected devices was 15 volts. Under no load 

condifions, the output voltage could be as high as 32 volts. The maximum rated voltage 

for the differential and isolafion amplifiers is only 18 vohs. To prevent the voltage from 
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becoming too high a 16-volt zener diode was placed in series with a resistor across the 

supply. Figure 10.16 shows this configuration. The zener diodes are Dzrl and Dzr2 in the 

schemafic. This technique will limit the no load voltage to roughly 17 volts. To increase 

the stability of the power supplies, capacitors were added to the outputs of the DC-DC 

converters. In fact, large electrolytic capacitors were placed close to the DC-DC 

converters and small metal film capacitors were placed next to each IC to reduce voltage 

ripple. 
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Figure 10.16: Supply voltage regulafion 

Using the TI DC-DC converter caused a great deal of problems. On the test bench 

by itself, the DC-DC converters presented no problems. When used in conjunction with 

the isolation amplifiers the output signals were severely distorted. Figure 10.17 shows an 

example of the distortion. The orange waveform is the input to the circuit and the green 

waveform is the output from the isolafion amplifier. The purple trace is a spectral analyst 

provided by the oscilloscope of the channel one waveform. The phase delay is normal. It 

will take time for the signal to pass though the isolation amplifier. Notice the noise 

superimposed on the sinusoidal waveforms. It is present in both the input and output 

waveforms. If the TI DC-DC converters are physically removed from the circuit and 

replaced with a single Power-One DC-DC converter Figure 10.18 can be obtained. The 

noise is no longer present in the waveforms. 
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Figure 10.18: Signals with Power-One DC-DC converter 
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A close up of the noise generated by the Tl DC-DC converters is given in Figure 

10.19. The noise signal is the result of an under damped oscillatory system. Most likely, 

the ringing is a consequence of a parasitic LCR network. The repefition frequency can be 

calculated from the figure, and as one would guess, it is twice the switching frequency. 

Each fime the power electronics inside the DC-DC converter change states, the parasitic 

LCR network is excited. This explains the repefition of the ringing. 
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Figure 10.19: Noise signal 

An even closer view of the ringing is shown in Figure 10.20. From this figure, the 

actual frequency of the ringing can be calculated. 

1 
: 44.4MHz 

50 0.45div 
div 

Equation 10.2 

This calculafion validates the spectral analysis results shown in Figure 10.19. 
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Figure 10.20: Ringing 

A simple computer simulation can be used to determine the source of the ringing. 

Given the circuft shown in Figure 10.21, it can be shown that the source of the ringing 

originates between the parasitic capacitance of the diode and the parasitic inductance of 

the transformer. The frequency domain results from this simulation are given in Figure 

10.22. 
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Figure 10.21: Basic flyback converter topology 

113 



40mAT 

20I1IA-' 

OA 

Location of 
the Ringing 

i i 

. 'iM»ISiltUAlAt"«-ij».jjj_;j._ 

/ 

^^.SkL(.AUlJf^XJ4^' 

OHz 
I[D1) 

20HHZ 40HHZ SOHHz 80HHz 

Frpmipnrv 

Figure 10.22: Basic flyback converter simulation results 

lOOHHz 

As the above plot shows, there is a frequency spike between 50 MHz and 60MHz. 

The location of this spike is related to the coupling coefficient of the transformer and the 

parasitic capacitance of the diode. If the coupling coefficient increases, the leakage 

inductance decreases and the ringing frequency increases. Similarly, if the coupling 

coefficient decreases, the leakage inductance increases and the ringing frequency 

decreases. This can be derived using Equation 10.3. 

2-71 
Frequency -

^fLC Equation 10.3 

To gain more insight into the operation of the TI DC-DC converter the IC was 

sliced into thin samples with a diamond saw. Figure 10.23 shows the top side for one 

particular sample. The toroidal transformer and the windings are clearly visibly in the 

center of the figure. Figure 10.24 shows the bottom side of Figure 10.23. 

Figure 10.23: Internal view of the TI DC-DC converter 
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Figure 10.24: Internal view of the TI DC-DC converter - bottom side 

The two smaller squares on the right side are most likely the rectifier diodes and 

the large square on the left side may be the input power stage. These assumptions are 

based on the knowledge that the input is located on left side of the figure and the output is 

on the right side. From the figure, it is hard to make an estimate of the coupling 

coefficient for the transformer or the parasitic capacitance for the rectifier diode. 

Future designs will either require a n filter on the output of the DC-DC converter 

or a regulated converter. The data sheet for the TI DC-DC makes no menfion of the 

ringing phenomenon. After consulting with the engineers that developed the IC, the 

addition of a n filter was their best recommendation. In fact, any time a switch mode 

power supply is used it is not a bad idea to use a n filter to prevent noise. One of the most 

complicated parts of any circuit board design is the layout of the power supplies. A 

problem in the power supplies will render the entire board useless. 

The three-phase voltage monitoring board is powered off one single 15-volt 

supply. The one supply is used to generate the bipolar voltages on both sides of the 

isolation. A Power Trends integrated switching regulator generates the negative supply 

for the low voltage side. This module can be seen in the upper right comer of the PCB in 

Figure 10.8 on page 104. The regulator creates a negative voltage from the positive 15-

volt input. The isolated DC-DC converters create the bipolar supplies on the high voltage 

side. 

The three-phase voltage monitor was a test platform for many new components. 

The design used new surface mount inductors, capacitors and resistors. The ISO 124 

isolafion amplifiers. Differential amplifiers, TI DC-DC converters. Power Trends 
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converter and test-points were also new to the design. New techniques for setting clipping 

limits on the output signals to protect the ADC on the microprocessors were also tested. 

Each new part that was used required the design of a custom footprint and schematic 

symbol in P-SPICE. 

The next design should not only monitor the voltage, but also the current. It would 

also be beneficial if the design transmitted a digital signal via fiber optic cables, unlike 

the current design, which transmits an analog signal. This is an area of ongoing research. 

Overall, the board design was very successful, but it sfill requires a few modificafions and 

should be redesigned. The full schemafic for the three-phase voltage monitor can be 

found in Appendix F. 
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CHAPTER XI 

SPEED AND POSITION ENCODERS 

As mentioned in Chapter VI, to perform vector rotations the electrical angle of the 

machine must be known. The electrical angle can be derived by a number of different 

methods. Control schemes known as "Speed-Sensorless" control are common for 

commercial machines. These systems estimate the rotor angle and the electrical angle 

based on on-line modeling. The objecfive of the project is to make measurements on a 

machine experiencing heavy transient loads. The discharge of a pulsed alternator into a 

load is such an extreme, non-linear event that reliance on estimators is not feasible. In 

this case, the advantage of having an actual sensor clearly outweighs the typical reasons 

for sensorless control. 

The rotor position of a machine can be physically measured using a sensor known 

as a rotational encoder. Most rotational encoders are based on either optical or inductive 

principals. An encoder based on inductive principals measures changes in magnetic flux 

caused by a notched rotating disk. Inductive encoders are very rugged and unaffected by 

dirt and debris. This type of sensor is very common in automotive applications. The 

engine position sensors and anti-lock brake systems sensors are inductively based. 

Inductive encoders by nature are incremental encoders, which means they transmit a 

series of pulses. The frequency of the pulses represents the rotational speed. Typically, an 

inductive encoder will only send a few pulses per revolution. As a result, they have lower 

angular resolution when compared to an optical based encoder. 

Optical based encoders also use a rotafing disk. For the optical encoder, the disk 

has alternating transparent and opaque sectors, which are also used to create a series of 

pulses per revolution, similar to the inductive encoder. The advantage of the optical 

encoder is that ft transmits thousands of pulses per revolution. Thus, the optical encoder 

has a much higher angular resolution. Many incremental encoders also produce a 

reference pulse once per revolution. Using the reference pulse and the incremental data 

from the sensor, the absolute rotor position can be derived. If the disk inside the optical 

encoder is designed with multiple concentric tracks, the sensor could transmit the 
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absolute rotor posifion. For example, one track could pulse twice per revolution and 

another track could pulse 4 times per revolution. With only two simple tracks, the 

quadrant in which the rotor angle is located can be determined. With the addition of more 

tracks, the precision of the senor would be increased. A sensor with 10 tracks would have 

an accuracy of 0.35 degrees. For this accuracy, the 10'̂  track would only need to generate 

1,024=2 pulses per revolufion. This type of sensor is called an absolute position 

encoder. Seals on the opfical encoders can effectively shield the optical parts from dirt 

and debris. 

During the course of the project, two different encoders were used, both of which 

were optical encoders manufactured by BEI Technologies Inc. The first was an 

incremental optical encoder. This particular encoder was a blind shaft encoder. This 

means the device is a hollow shaft encoder that is covered on one end. A hollow shaft 

encoder is shaft-less and mounts directly on the shaft of the machine. The encoder is 

shown in Figure 1 l.I. The collet is used to clamp the device to the shaft. This particular 

model has a resolution of 1,024 pulses per revolution. It also has a reference pulse output. 

Collet 

Figure 11.1: BEI incremental encoder 

The second encoder used during the project was an absolute position encoder. 

Absolute position encoders from BEI are available with either natural binary or Gray 

code outputs. The model selected produces a 12-bit gray-code output to avoid muhiple bit 
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transitions in the output signal. With binary code, multiple bits changes can occur during 

a transition. Multiple bit transitions can lead to uncertainty in the result. Another key 

benefit of Gray code is that the maximum pulse frequency of the encoder is V2 that of 

binary coded models for the same resolufion. As a result, it requires less bandwidth to 

transmit the same information, which can be an advantage for fast spinning machines. 

A picture of the absolute position encoder is shown in Figure 11.2. This encoder 

looks almost identical to the incremental encoder, except the absolute position encoder is 

a little larger and is a hollow shaft encoder. On a hollow shaft encoder, the motor shaft 

can pass all the way through the device. This is shown in Figure 11.3. The incremental 

encoder has a diameter of 2.5 inches versus 3.5 inches for the absolute position encoder. 

The output consists of 12 parallel data lines in addition to a direcfion and a latch signal. 

Figure 11.2: Absolute position encoder 

One other technique used in the project to sense speed is through a DC motor. The 

output voltage of a permanent magnet DC motor is directly proportional to the rotor 

speed. This type of sensor can be used to obtain a rough estimate of the rotor speed. With 

the incremental and absolute position encoders, the speed is not directly accessible. 

Calculations must be preformed before the speed can de determined. A custom mounting 

bracket was designed to hold the DC motor onto the rotor shaft and the absolute position 

encoder. The assembly is shown in Figure 11.4. 
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Figure 11.3: Hollow shaft encoder 

Figure 11.4: DC motor used for speed sensing 

It is important to note that the seals used to protect the optical parts also create a 

large amount of friction and heat. This elevates the temperature of the entire device. The 

operational temperature range of the encoder is quite high. It is rated at 70 degrees 

Celsius for normal operation. BEI also produces an extended temperature range version 

that can operate up to 105 degrees Celsius. Figure 11.5 shows thermal images of the 

incremental encoder under normal operating conditions. In the images, the area 
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surrounding the encoder is at room temperature. As the images demonstrate, the encoder 

is operating above the room temperature. 

Figure 11.5: Thermal images of incremental encoder 

The encoders are an essential element when monitoring a machine experiencing 

heavy transient loads. When performing vector rotations, the electrical angle of the 

machine can be accurately determined from the encoder data. 
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CHAPTER XII 

MICROPROCESSORS AND DAUGHTERBOARDS 

To perform the vector rotations the analog devices ADMC 201 motion 

coprocessor was selected. The primary fiinction of the motion coprocessor is to handle 

the mathematical computations required for vector rotations. The full data sheet for this 

device is given in Appendix D. As the name coprocessor implies, the ADMC 201 cannot 

operate by itself The ADMC 201 is interfaced with a Motorola microprocessor. The two 

processors work simultaneously to increase the speed and efficiency of the system. The 

interface between the two processors required the design of several complicated PCBs. 

These PCBs, also called daughterboards, connect the ADMC 201 to the headers of a 

Motorola prototyping board containing the microprocessor. The first design attempt was 

to connect the ADMC 201 to the Motorola M68HC12B32EVB evaluation board (EVB). 

A picture of this particular EVB is shown in Figure 12.1. 

Figure 12.1: Motorola M68HC12B32EVB 

The four headers used to interface with the EVB are clearly visible in the above 

figure. Each header is a female 2x10 connector. The EVB uses a Motorola 68HC912B32 

microprocessor shown in the center of Figure 12.1. The processor operates at a clock 
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speed of 8 MHz. 1 Kb of RAM and 32 Kb of EEPROM are located onboard the 

processor. It is very important to note that this processor has a multiplexed bus. That 

means the data bus and the address bus are located on the same pins for the processor. 

This is explained better in Figure 12.2 [9]. As the figure shows, both the address bus and 

data bus originate from port A and port B on the microprocessor. This configuration is 

used to minimize the number of lines required to interface the microprocessor with 

external components. Unfortunately, it also makes interfacing much more complex and 

requires more external hardware components. Especially if the device to be interfaced 

with has a non-multiplexed bus, as the ADMC 201 does. The address and data bus on the 

HC12-B32 both have a width of 16 bits. 
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Figure 12.2: Multiplexed bus on the HC12-B32 [9] 

The data bus on the ADMC 201 has a width of 12 bits while the address bus is 

only 4 bits wide. The design of the first daughterboard was very straightforward. A 

partial schematic is given in Figure 12.3. In this design, ports A and B are not used as the 

data and address bus, rather they are used as multipurpose input\output ports. The data 

lines of the ADMC 201 are connected to Port B [0-7] and port A [0-3]. The address lines 

are connected to Port A [4-7]. A picture of the assembled daughter board is shown in 

Figure 12.5. The microprocessor is programmed in assembly language, which is then 
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compiled to machine code. The programs used to control the ADMC 201 on this daughter 

board were very inefficient, ft took many lines of code to complete simple calculations. 
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Figure 12.3: HC12-B32 daughterboard schematic 

Even though the design was not ideal, it did serve as a testing ground for the 

ADMC 201. The information learned from the first design was invaluable in creating the 

second and third designs. The ADMC 201 requires very precise timing of the chip select, 

clock, read and write signals. To meet the timing requirements on the HC12-B32 was 

very cumbersome. For example, the clock signal was generated by using a multipurpose 
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input/output port and setting it high or low. To write to the ADMC 201 the data direction 

registers (DDR) for all of port B and half of port A would have to be set as outputs. Then 

to read from the ADMC 201 the DDRs would have to be switched so the ports are inputs. 

This all requires too much program overhead to be efficient. 
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Figure 12.4: Input and output ports of the ADMC 201 
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Figure 12.5: HC12-B32 daughterboard 
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Using the informafion from the first design, the second design proved to be far 

more efficient. This design was based on the Motorola HC12A4EVB, shown in Figure 

12.6. The HCI2-A4 has a non-multiplexed data and address bus, ideal for interfacing 

with the non-multiplexed bus of the ADMC 201. The HC12-A4 operates at 8 MHz. 1 Kb 

of RAM and 4 Kb of EEPROM are located onboard the processor. Unlike the HC12-B32, 

the HC12-A4 also has external memory; 16 Kb of RAM and 32 Kb of EPROM. The 

monitor and debugger program resides in the external EPROM. As a result, the external 

EPROMs were reprogrammed to better suft the needs of the project. The external RAM 

was also replaced with higher speed RAM. Since the EVB relies on external memory to 

operate, the data bus and address bus are already setup. Instead of four 20-pin connectors, 

the EVB uses two 60-pin male connectors, as shown in Figure 12.6. The EVB also has 

two independent RS-232 interfaces. 
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Figure 12.6: Motorola HCl2-A4 
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Because of the non-multiplexed address and data bus, the data exchanged between 

the HC12-A4 and the ADMC 201 is accomplished in a single read or write instruction. 

As a result, the ADMC is tightly integrated into the address space of the microprocessor. 

In other words, the registers of the ADMC 201 would appear to be internal registers of 

the HC12-A4 with a full 16-bit address path for full read/write access. As with the HC12-

B32 a custom daughterboard was designed to fit the two 2x30 headers on the HC12-A4 

EVB, as shown in Figure 12.7. 
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Figure 12.7: First HC12-A4 daughterboard design 

To meet the stringent timing requirements of the ADMC 201, a programmable 

logic array IC was used. Figure 12.8 shows how the logic array was programmed. This IC 

generates the timing signals necessary to interface the ADMC 201 to the HC12-A4. 
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Figure 12.9: Programmable logic array 

The partial schematic for the daughterboard is given below in Figure 12.10. Note 

the data lines are connected to Port D [0-7] and Port C [0-3]. The address lines are 

connected to Port B [1-4]. 
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Figure 12.10: First HC12-A4 daughterboard schematic 
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The daughterboard not only connects the microprocessor to the ADMC 201 but 

also has several other features. Such as a four-character LCD, potentiometer and a two 

channel 8-bit DAC. The LCD can be used to show important system information or 

results from the vector rotations. The DAC is used to output the results of the vector 

rotations. This output can then be logged on a storage oscilloscope for ftirther analysis. 

The schemafic for the DAC circuitry is shown below in Figure 12.11. 
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Figure 12.11: Two channel 8-bit serial DAC 

The DAC is controlled through a three-wire serial interface, which can operate at 

clock speeds up to 5 MHz. The IC is sent an 8-bit control word then an 8-bit data word. 

The control word dictates the response to the data word. For example, it is possible to 

load the channel A DAC register independent of the channel B DAC register or they can 

both be loaded with the data word. The timing requirements for this device are not quite 

as stringent as the ADMC 201. In fact, the control word and data word are not sent as a 

fiill 16-bit data stream. There is a small break between the two words. 

This first HC12-A4 daughterboard was designed to interface with an incremental 

encoder. The interface for an incremental encoder is quite simple. The output of the 

encoder is connected to pulse accumulator for the microprocessor. The pulse accumulator 

automatically counts the pulses from the encoder and is reset by the reference signal. This 
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configuration only requires four lines; power, ground, encoder output and reference 

signal. 

The interface for the absolute position encoder is rather different from the 

incremental encoder. Therefore, a new daughterboard had to be designed to operate with 

the absolute position encoder. The partial schematic for this second design is given below 

in Figure 12.12. There were not a large number of changes made to the ADMC 201 

layout between the first and second designs. In fact. Figure 12.7 is very similar to Figure 

12.12. 
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Figure 12.12: Second HC12-A4 daughterboard schemafic 
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The output from the absolute posifion encoder is Gray code data. Because of the 

inherent benefits of Gray codes, they have been used with encoders for a long time. Gray 

codes are named after Frank Gray who patented their use for shaft encoders in 1953 [10]. 

The gray code represents each number in a sequence of integers as a binary string in an 

order such that the adjacent integers only differ by one-bh position. Going sequentially 

through the integers requires the fiipping of only one bit at a time. This is the defining 

property of Gray codes. 

The "adjacency property" can be safisfied in a number of ways, and in fact, there 

are multiple Gray codings. The most commonly seen Gray code and the type used by the 

absolute position encoder are know as binary-refiected Gray codes. This can be explained 

further by Figure 12.13. In the figure, the Gray code values are in red with the most 

significant bit at the top and the binary code values are in blue. The base 10 value for the 

number is given on the x-axis of the plot. 

Binary & Gray Code 

^ _J ^ 
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Figure 12.13: Gray codes and binary codes 

14 16 

To generate this particular Gray code sequence, start with all the bits equal to zero 

and successively flip the lowest significant bit that will produce a unique new string. This 

relation can also be explained mathematically and is given in Equation 12.1 and Equation 

12.2. 
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G[i] = X0R(B[i+1 ], B[i]) Equation 12.1 

B[i] = X0R(B[i+1], G[i]) Equation 12.2 

The truth table for a two input XOR operation is given in Equafion 12.3. 

Equation 12.3 

The conversion from binary to Gray code is simple and very straightforward. It 

requires the binary bit and the next significant binary bit above it, as explained in 

Equation 12.3. This means the conversion to go from binary to Gray can be done 

simultaneously or independently for each Gray code bit. On the other hand, to convert 

from Gray code back to binary requires the current Gray code bit and the result of the last 

conversion. The results of the current conversion are dependent on the last conversion. 

As a result, the conversion must be made successively from the most significant bit to the 

least significant bit. 

This conversion could be made on the microprocessor in software, but that would 

require many clock cycles. This slows down the overall efficiency of the program. Each 

XOR operation requires a minimum of one clock cycle. Therefore, at a minimum it will 

take 11 clock cycles to compute the result. 

Instead of using software to do the conversion, it could be done in hardware. This 

is the approached used in the project. In hardware, the conversion can be done in less 

than one clock cycle. This is many times faster than the same conversion that could be 

accomplished in software. It is always important to have the proper balance of hardware 

to maintain optimum efficiency. 

The layout for the converter is given in Figure 12.14. This is the basic 

implementation of Equation 12.2. As the layout demonstrates, the conversion for the 

current bit is direcfiy related to the results from the last conversion. In addifion, the most 

significant bit is always unchanged by the conversion. 
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Figure 12.14: Gray code to binary code converter 

In the case were all the binary bits must change states it takes the longest time for 

the conversion to occur. This situation is shown in Figure 12.15. The ripple from one 

XOR gate to the next can be seen. For one complete conversion, it requires 

approximately 100 ns or in terms of frequency, 10 MHz. This is significantly better that 

the 1,400+ ns required for a software conversion routine. 
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Figure 12.15: Complete state change ripple 

The second HC12-A4 design uses two single channel 12-bit DACs, instead of one 

two channel 8-bh DAC. This gives increased output control and higher resolution. Figure 

12.16 gives the basic layout for the DAC circuitry. 
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Figure 12.16: 12-bhDAC Schematic 
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The 12-bit DAC sfill uses a simple three wire serial interface. It is also controlled 

by two 8-bit words. The data is split up between the two words. The first 3 bits are 

control bits, the next 12 bits are data bits and the last bit is another control bit. As with 

the 8-bit DACs the timing requirements are fairly relaxed. The two words are sent 

separate from each other without difficulty. Using Port J [6-7] the DACs can be 

programmed simultaneously or independently. 

The second design does not have a four character LCD. It became too difficuh to 

read all of the required information off the small display. Instead, the small display was 

replaced by a larger 20x4 character display, as shovra in Figure 12.17. This LCD module 

was produced by Matrix Orbital. It has a full RS-232 interface and many other advanced 

features. The display is backlit with software adjustable contrast. It also has a separate 

keypad input on the back of the module. The interface is ideal because the HC12-A4 has 

two fully independent RS-232 interfaces. 
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Figure 12.17: 20x4 character display 

The fully assembled daughterboard is shown in Figure 12.18. The DB-25 

connector on the left side is used to interface with the absolute position encoder. The two 

small 8-pin DIPs on the right are the 12-bit DACs. The four 14-pin SOICs are the XOR 

gates. The longer 24-pin DIP is the programmable logic array and of course, the ADMC 

201 is in the center of the PCB. 
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Figure 12.18: Second HC12-A4 daughterboard design 

It is worthwhile to make a few comments about the Analog Devices ADMC 201 

motion coprocessor. The device has many other features besides vector rotations that 

make it ideal for motor control. Features such as the built in A/D converter and PWM 

generator. The A/D converter is a four-channel sample and hold converter. All four 

channels are sampled at the same time. They are also synchronized with the conversion 

start pin, which can be connected to the PWMSYNC pin. This will synchronize the A/D 

converter to the center of the PWM duty cycle. The block diagram for the ADMC 201 

given in Appendix D is also shown in Figure 12.19. 
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Figure 12.19: ADMC 201 Block diagram 
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As with the Gray code converter, the vector rotations can be implemented in 

hardware or in software. The ADMC 201 represents a hardware implementation. Another 

daughterboard was designed without the ADMC 201. In this is case, the vector 

transformations are accomplished in software. In general, software implementations are 

slower that hardware implementations. A hardware implementation is designed to 

complete a certain task or particular conversion. Once buih it is very difficult to modify 

the hardware. Software on the other can be easily modified as needed. This is the main 

benefit of a software implementation. 

To overcome the slower speed of the software implementation, a faster 

microprocessor was selected. The Motorola MC9S12DP256, 9S12 for short, operates at 

24 MHz verses 8 MHz for the previous processors. Axiom Manufacturing produces a 

small module that contains the 9S12 and the minimum components the processors 

requires to operate, such as a clock oscillator, mode switch and reset switch. The PCB is 

very small and is also know as a personality module. The personality module is shown in 

Figure 12.20 below. The personality modules are interchange. This allows one module to 

have a different version of the program or "personality." 

Figure 12.20: Axiom Manufacturing personality module 
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The backside of the personality module has two 60-pin surface mount headers as 

shown in Figure 12.21. The headers allow the processor to interface with other circuitry, 

much like the headers on the EVBs. Except these headers have 60 pins in less than one 

inch. 

Figure 12.21: Backside of personality module 

The small headers are great for finished designs. They make the design neat and 

very compact. Unfortunately, it is almost impossible to prototype a design on theses 

headers. The spacing between each pin is less than 0.3 mm or 12 mils. In comparison, the 

spacing for the headers on the HC12-A4 EVB and HC12-B32 EVB is 100 mils from 

center to center. Therefore, for initial prototyping purposes, an adaptor was designed to 

go from the two small 60-pin headers to six larger 20-pin headers, the same 2x10 headers 

on the HC12-B32 EVB. This adaptor board is shown in Figure 12.22. The personally 

module just snaps in to the header receptacles on the adaptor board. 

The new daughterboard is in the initial prototyping phase. It connects to the 

adaptor board, which then connects to the personality module. A picture of the 

daughterboard is shown in Figure 12.23. This board was machined onsite using a T-Tech 

quick circuit prototyping system. It was also chemically finned. 
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Figure 12.22: Personality module adaptor board 

Figure 12.23: 9S12 daughterboard prototype 
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The 9SI2 daughterboard has some of the same features that the second HC12-A4 

daughterboard design contains. The gray code conversion is still done in hardware using 

11 XOR gates. The board also has the some 12-bit DACs. The major difference of course 

is the lack of the ADMC 201 and programmable logic array IC. 

The 9S12 has 12 Kb of RAM, 4 Kb of EEPROM and 256 Kb of flash memory. 

Because the 9S12 has such a large flash memory capacity, a 12-bit sine table could be 

loaded into memory. The sine table is then used to compute the vector rotafions. The 

HC12-A4 system operates at a clock speed of 8 MHz and the motion coprocessor takes 

approximately 40 clock cycles to compute one rotational transformation. As a result, this 

takes 5 \is per rotations. In comparison, the 9S12 system operates at 24 MHz and takes 

approximately 145 clock cycles to compute one rotational transformation. That equates to 

about 6 \xs. 

It is easy to see the ADMC 201 is far more efficient at computing the vector 

rotations. The main purpose of the ADMC 201 is to compute the vector rotations and can 

be optimized to do that. The code written for the 9S12 is not fiilly optimized and can still 

use some modification to increase the system performance. The 9S12 daughterboard was 

a proof of concept that a microprocessor could be used by itself, whhout relying on other 

coprocessors. The 9S12 daughterboard design proved to be very successful. 
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CHAPTER XIII 

EXPERIMENTAL SETUP AND RESULTS 

The initial tests were carried out on a small 1/3-hp induction machine. The 

machine is shown in Figure 13.1. This particular induction motor has four poles so the 

synchronous speed would be 1800 RPMs. The motor does not have a squirrel cage rotor, 

but rather a wound rotor. The rotor windings are attached to slip rings that allow for 

outside access to the rotor current. This permits the user to change the rotor resistance 

and make measurements on the rotor current. 

Figure 13.1: Initial test system 

The rotor shaft runs through the entire machine and is accessible from both sides 

of the machine. This enables a flywheel to be attached on one side and a rotational 

encoder on the other. The flywheel is used to increase the stored rotational energy in the 

system and is shown in Figure 13.2. The black stripe on the flywheel can be used to make 

speed estimations with a strobe tachometer, such as the one shown in Figure 13.3. The 

strobe tachometer has a xenon bulb that flashes at an adjustable rate. The rate is 

synchronized with the rotation of the black strip on the rotor to determine speed. This is 
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not the primary function of the stripe. Because the flywheel is uniform in color, it is very 

hard to tell the flywheel is rotating. Therefore, for safety purposes, the black strip is used 

to indicate rotation. 

Figure 13.2: Flywheel on small inducfion machine 

Figure 13.3: Strobe tachometer 
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ft is more convenient to use a contact tachometer, as shown in Figure 13.4. The 

rubber tip on the right side of the meter is placed in contact with the end of the rotor shaft 

to make speed measurements. Hence the name contact tachometer. This particular 

tachometer is very versafile. It can also be used as a non-contact photo tachometer. The 

left side of the meter has a small light and light detector. If small pieces of reflective tape 

are placed on the rotor, the change in reflective index can be used to determine the 

rotational speed. 

Figure 13.4: Contact tachometer 

The stored rotational energy in the flywheel is calculated using Equation 13.1 and 

Equation 13.2. The actual rotational energy stored in system is very low, but sufficient 

for initial testing. 

r:=4in in:= 3.1kg co := 2-7tl80ORPM 

J := —-m-r 
2 

1 2 
E:= —-J-co 

2 

J = 0.016kgm 

E = 284.2J 

Equation 13.1 

Equation 13.2 

On the opposite side from the fiywheel, a BEI incremental encoder was installed, 

shown in Figure 13.5. As mentioned in Chapter XI, the encoder is used to make speed 

and posifion measurements on the rotor. 
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Figure 13.5: BEI incremental encoder 

The advanced three-phase inverter discussed in Chapter IX was used to drive this 

small induction machine. The power flow of the system is outlined in Figure 13.6. Fixed 

three-phase voltage is fed into the inverter. Then the inverter supplies variable frequency 

and voltage to the induction machine. 

3 - Phase 
208 VAC 

60 Hz 

3 - Phase 
Variable 
vohage 

Variable 
Frequency 

"»»•%» 

Figure 13.6: Power flow in the initial test system 

The inverter is controlled by the HC12-A4 and the ADMC201 mofion 

coprocessor. For this test setup, predominantly the first HC12-A4 daughterboard was 

used, although the second daughterboard will also work with the system. The first design 

was built to operate with the incremental encoder. The second daughterboard was 

144 



primarily designed to operate with the absolute position encoder, but it is also backwards 

compatible with the incremental encoder. 

The microprocessor is using a constant volts per hertz (CVH) algorithm, as 

described in Chapter V, to control the induction motor. The three-phase signals are 

created by vector rotating two DC values into two AC values. Then using a dq ^ abc 

transform, as discussed in Chapter VI, to map the two orthogonal AC values into three 

AC values that are 120 degrees apart. The output frequency of the inverter is controlled 

by the rate of change for the angle used in the vector rotations. An increase in the rate of 

change in the angle will cause a proportional increase in the output frequency. The 

magnitude is controlled by proportionally changing the DC input values. A block 

diagram for this algorithm is given below in Figure 13.7. Because the magnitude and 

frequency are changed proportionally, only one input from the user is required. 

Therefore, a single potentiometer is used to set the operational speed point of the 

machine. 

2-Phase 3-Phase 
DC Values 
Magnitude 

Control ^ 

Zero ^ • • 

Ann] 

Rotational 
Transform 

i 

AC Values 

dq -^ abc 
Transform 

AC Values 

PWM 
Controller 

Figure 13.7: CVH motor drive algorithm 

Monitoring of this system is done in the exact opposite sequence as the control. If 

the system is assumed to be balanced, then two of the three-phase currents can be used to 

obtain all thee currents. The three currents are transformed into two orthogonal AC 

values using an abc -^ dq transform. Then using a rotational transformation, the AC 

values can be rotated to corresponding DC values. To insure synchronizafion of the 

rotational transformation with the correct angle, the monitoring system uses the same 

angle used to generate the AC waveforms in the drive system. The block diagram for this 
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algorithm is shown in Figure 13.8. ft is important to note the existence of two separate 

systems, the motor drive system and the monitoring system. 

3-Phase 2-Phase 

Current 
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» 
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Transform 
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DC Values 

Figure 13.8: Monitoring system algorithm 

Because of the low power rafing for the induction motor and the small amount of 

energy storied in the flywheel, the system can be mechanically loaded. The loading of the 

machine was accomplished by grabbing or seizing the flywheel by hand. The output from 

the monitoring system under extreme loading is shown in Figure 13.9. The trace in the 

figure represents the magnitude of the 60 Hz AC stator currents. 

Tek SJOnS 250 S/s 
[ 

1 Acqs 
T 1 

• • • - . i 

/. 4k < .1. 

ii»W 

IE 

Tgnn SOOmV M 2 . 0 0 s Ch4 S 1.-45 V 

Figure 13.9: Results from the initial test system 
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After working with the small machine to demonstrate the feasibility of the 

monitoring system, the experiment moved to a larger machine and test setup. For the sake 

of convenience, this system will be called the target system. The target system is 

composed of three large machines: an inducfion motor, a synchronous generator and a 

DC machine. A picture of all three of the machines is given in Figure 13.10. 

Figure 13.10: Three machines in target system 

The induction motor and synchronous generator were purchased together as a set. 

They were actually acquired from a surplus equipment supplier. Their original purpose 

was to supply ground power to aircrafts. The set acts a mechanical frequency converter to 

convert from 60 Hz to 420 Hz. All three machines have been mounted on a custom skid 

pad made from 4-inch box tube. This makes the system movable to some degree. 
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although the whole assembly weighs over three thousand pounds. With the skid pad, the 

assembly can be moved with a pallet jack or forklift. 

The inducfion motor is a two-pole machine rated at 100 HP. This is a bit larger 

than the inifial test system. In this system, the induction machine has a squirrel cage rotor. 

With two poles and a 60 Hz supply frequency the synchronous speed is 3600 RPM. 

Figure 13.11 shows just the induction machine, synchronous machine and brushless 

exciter. The induction machine is located on the left side in the figure. The synchronous 

machine is the same diameter as the induction machine and located close to the center of 

the figure. The smaller machine on the right side is the brushless exciter. This collection 

of machines is sometimes called the motor generator set. 

Figure 13.11: Motor generator set 

The induction machine, synchronous machine and brushless exciter all share the 

same rotor shaft. They also have a common frame. It is important that the induction 

machine and synchronous machine share a common frame. Any load torque applied to 

the induction machine by the synchronous machine must couple through the frame. If 

they do not share a common frame, the load torque would have to couple through the skid 

pad. 

The synchronous machine is a 14-pole machine rated at 75 kVA. With 14 poles 

and a rotational speed of 3600 RPM, the output frequency would be 420 Hz. As 

menfioned in Chapter III, the synchronous machine has spatially fixed magnetic fields on 

the rotor. Figure 13.12 shows the basic alignment of the magnetic poles on a 14-pole 
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machine. Theses magnetic fields induce the voltages on the stator windings as the rotor 

rotates. The magnitudes of the voltages induced on the stator are directly related to the 

strength of the magnefic fields on the rotor. Increasing the field strength on the rotor 

increases the output voltage. This is the method used to control and regulate the output 

voltage of the generator. 

270 

Figure 13.12: 14-pole machine 

A DC voltage is required on the rotor to create the spatially fixed magnetic fields. 

This is the fiinction of the brushless exciter. The brushless exciter can be considered an 

auxiliary machine to the synchronous machine. The operational diagram for the exciter is 

shown in Figure 13.13. A DC voltage is applied to the stator of the exciter. As the rotor 

of the exciter rotates in the DC magnetic field, an AC vohage is induced on the rotor. 

This AC voltage is then rectified to DC by the rotating recfifier, shown in Figure 13.14. 

The rotating rectifier is a basic three-phase rectifier using six diodes, as discussed in 

Chapter IV. As a result, the output voltage of the synchronous generator is controlled by 

the DC input to stator of the exciter, which requires relatively low voltage and low 

current. 
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Figure 13.13: Operafional diagram for brushless exciter 

Figure 13.14: Rotating rectifier assembly 

The DC motor is a 12 HP machine with separately excited field winding. This 

particular DC machine has two sets of armature contacts. A close-up picture of the 

armature contacts are shown in Figure 13.15. The DC machine is the load for the target 

system. This system is much larger than the initial test system. You would not dare try to 

load the system by grabbing or stalling the rotor. This system is 300 times more powerful 

and would easily remove anything that comes in contact with the rotor. It is much easier 

to apply an electrically load, such as the DC motor, as opposed to a mechanical load. 
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The DC motor was also selected because of its transient electrical impedance. The 

DC machine has the same basic characteristics of a linear machine. When the machine is 

stopped, the electrical impedance is extremely low, typically less than five ohms. The low 

impedance generates a large inifial power flow from the generator. The only limiting 

factors on the current are the parasitic inductances and resistances of the motor and 

supply lines. As the DC motor accelerates, the electrical impedance increases, and the 

machine also produces a back EMF. 

Figure 13.15: Armature contacts on the DC machine 

It is important to remember the output from the synchronous machine is AC, but 

the load is a DC machine. Therefore, the output from the generator must be rectified. To 

better control the power flow, a six-pulse controlled rectifier was used instead of a basic 

uncontrolled rectifier. 

The six-pulse controlled rectifier is based off a firing board produced and donated 

by Enerpro Inc. A picture of the board is shown in Figure 13.16. This particular board has 

six fiber optically triggered channels. The fiber optic triggering adds an extra level of 

safety between the high voltage side of generator and the low voltage side of the 

controller. Fiber optic isolation goes a step beyond the isolation discussed in Chapter IX. 

The operafion of the firing board is very simple. The opfical signal is converted to 

a TTL signal by the fiber optic receiver and sent to an inverting Schmitt trigger. The 

151 



Schmitt trigger is used to control an inverting driver IC, which is basically a high current 

Darlington transistor array. The driver controls the trigger transformer, which, as the 

name implies, triggers the SCRs. The trigger transformers are the large black boxes in the 

figure below. 

Figure 13.16: Enerpro Inc. firing board 

The full SCR assembly is comprised of three boards. The top board shown in the 

figure above and in Figure 13.17 is the firing board. The second board or the middle 

board in the SCR assembly is the snubber board. The snubber board contains six circuits 

similar to the one shown in Figure 13.18. Each SCR requires an individual snubber 

circuit. 

The snubber circuit protects the SCR from extreme voltages during tum-off 

transients. The cause for the over voltage is very similar to the reason the IGBTs and 

MOSFETs have freewheeling diodes. If current flowing through an inductor is suddenly 

blocked, the inductor will produce a voltage spike proportional to di/dt. This is a 

ftindamental property of the inductor. To reverse bias the SCR, the charge carriers in the 
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device must first be swept out. Therefore, reverse recovery currents are generated when 

the SCR is initially reverse biased. If the series inductance of the source is large, then the 

SCRs may experience unacceptably large over voltages. In addition to the traditional RC 

snubber configuration, a Metal Oxide Varistors (MOV) is also included for added 

protection. A MOV is a nonlinear resistor, in which the resistance varies with the voltage 

across the device. The MOV has a relatively high resistance below the tum on voltage. 

Above the tum on voltage, the resistance of the MOV drops very rapidly. 

Figure 13.17: SCR assembly 

SCRa U 
MOV1 

Figure 13.18: Snubber circmt 

All six SCRs required for the six-pulse controlled rectifier are conveniently 

packaged in one module produced by Semikron. The SCRs in the SKDT 100 module are 

rated for 1.2 kV reverse blocking voltage and 100 amps continuous current. They also are 
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rated at 1 kA peak current for a 10ms period. The datasheet also states the Î t rating is 

5000 A 'S . This rafing limits the peak current to 1 kA for 5 ms. The module has a few 

other nice features, such as a large isolated base plate and a small plastic case with screw 

terminals, as apposed to a ceramic case with pressure contacts. A view of Semikron 

module is shown in Figure 13.19. 

^ / « / * * 

Figure 13.19: Semikron SCR module 

The lower board in the assembly is a phase reference board. The board uses three 

separate transformers to isolate and transform the 208 VAC to approximately 10 VAC. 

This is an alterative approach to the board discussed in Chapter X used to make isolated 

three-phase voltage measurements. For accurate control of the SCR firing sequence, the 

phase of the source voltage must be known. This is the motivating factor behind making 

the isolated three-phase voltage measurement. 

It is would be more convenient for a microprocessor if a circuit produced a TTL 

signal that represents the phase of the source voltage, instead of letting software in the 

microprocessor calculate the zero crossings and phase. This again is the common 

question of hardware versus software implementations. Such a board was built and is 
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shown in Figure 13.20. Although there are quite a few components on the board, the 

operafional principle is very simple and fundamental. The basic operation is explained by 

Figure 13.21. A majority of the components are power supply components for the circuit. 

The transformer, bridge recfifier, regulator and electrolytic capacitors are all used to 

create a 5-volt power supply. 

Figure 13.20: TTL phase reference board 
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Figure 13.21: Phase detection circmt 

If the voltage from Phase_A to Phase_B is positive, then the vohage from Ml to 

M2 will be positive. Likewise, if the voltage from Phase_A to PhaseB is negative, then 

the voltage from Ml to M2 will be negative. The voltage from Ml to M2 can be sent to a 

differential comparator to determine if the source voltage is in the negative or positi\ e 
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half cycle. For further protecfion and filtering, the reference signal is sent through an 

HCPL 2212 opfical isolator, that is very similar to the isolators discussed in Chapter IX 

on page 80. 

A microcontroller was programmed to synchronize with the source voltage using 

the TTL reference signal. The controller generates the gate drive commands necessary to 

control the SCR assembly. The outputs from the controller are given in Figure 13.22. The 

light blue trace on the top is the TTL phase reference signal. The microprocessor uses the 

falling edge of this signal to time the other seven traces. The black trace is a reference 

pulse created by the microprocessor used to verify synchronization between the TTL 

phase reference pulse and the microprocessor. The three green traces are the drive 

commands for the upper SCRs and the red traces are the drive commands for the lower 

SCRs. The figure below can be compared to Figure 4.3 on page 17, which is the 

uncontrolled rectifier switching sequence. 
Tek Run: 20.okS/s 
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Figure 13.22: SCR firing timing diagram 
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Each switching state in the six-pulse recfifier is 60 degrees wide. Furthermore, 

every diode will conduct for two consecufive switching states. As Figure 4.3 shows, the 

width of the on time for the diodes is 120 degrees. In Figure 13.22, the control signals are 

only 70 degrees wide. Technically the SCRs would only require the gate signal to be a 

few degrees wide. Once conducting, the SCRs will remain conducfing until reversed 

biased. A short gate command will leave little room for errors. Therefore, the gate signal 

is on for the enfire first switching state and remains on the first 10 degrees of the second 

switching state. This will ensure the SCRs are properly triggered. From a programming 

perspective, it is also easier to code this way. 

As mentioned earlier, the SCR firing board is fiber opfically triggered. The fiber 

opfic system is the Agilent Technologies Versafile Link system. The Versatile Link series 

is a complete family of fiber optic link components for applications requiring low cost 

solutions. A picture of a transmitter is shown below in Figure 13.23. The transmitters and 

receivers are very simplistic and require very few external components. The intemal 

diagram for the transmitter is given in Figure 13.24 and the diagram for the receiver is 

given in Figure 13.25 [11]. 

Figure 13.23: Versafile Link fiber opfic transmitter 

The firing board uses a transformer based firing control. The transformer requires 

a signal that is constantly switching, not just a single pulse, but the output from the 

microprocessor is just an on and off signal. Therefore, the control signal is modulated 

with a 20 kHz square wave. The basic driver circuit for the fiber optic ttansmitter is given 

in Figure 13.26. The blue box represents the fiber opfic transmitter and the red box is a 
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high-current Darlington sink driver. All six charmels were assembled on a prototyping 

board, as shown in Figure 13.27. 
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Figure 13.24: Fiber optic transmitter [11] Figure 13.25: Fiber opfic receiver [11] 
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Figure 13.26: Driver circmt 

Figure 13.27: Six-channel fiber opfic transmitter 
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Using the microprocessor, SCR assembly and the components just discussed, the 

following waveform shown in Figure 13.28 can be obtained. In the figure, the delay angle 

is 45 degrees. The lower yellow trace is the TTL phase reference signal. The middle 

purple trace is the source vohage from one of the three phases. The upper pink trace is the 

output DC voltage of the six-pulse controlled recfifier. 
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Figure 13.28: Output from six-pulse controlled rectifier 

The power flow of the target system is given in Figure 13.29. Ideally, the 

generator-motor set would be brought up to full speed, approximately 3600 RPM, by the 

three-phase 208-volt supply. Then the supply voltage would be disconnected from the 

induction motor. At this point, the rotational energy stored in the rotor could be 

transferred to the load by the controlled rectifier. 

In this type of testing procedure, it is very usefiil to know the rotational inertia of 

the machine set and stored kinetic energy. According to Mike Branda, a senior 

applicafion engineer from Cutler-Hammer for over 30 years, the rotor inertia for medium 

sized induction motors can be estimated using Equation 13.3 [12]. 
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Figure 13.29: Power flow in target system 
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Equafion 13.3 

Equafion 13.4 

This value is doubled to account for the inertia of the synchronous machine and 

then used to calculate the rotational energy stored at 3600 RPM. 

^ Equation 13.5 J = 1.342kg m 

Ene rgy (N) := - j (27 t -N) 
2 

Equation 13.6 

Energy (3600 RPM) = 95.364kJ Equaf ion 13.7 

These values were also calculated and verified using experiential methods. Figure 

13.30 is a plot of speed versus time and power versus time. The power is in blue and the 

speed is in red. To obtain these functions, a load was placed on the machine and the 

supply voltage was disconnected from the induction motor. 

The load was approximately 6 kW, which is 8% of the maximum rated load for 

the generator. The experiment does not account for other energy loss mechanisms, such 

as rotor wind losses. It is assumed that they are several orders of magnitude less than the 

energy removed by the load. Without a load, the rotor speed of the machine decreases 

over a period of several minutes. This testing procedure occurs in just a few seconds. 
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Using the power and time data, the total energy transferred to the load during a 

certain time range can be calculated. For example, the time range could be from 1 second 

to 15 seconds. Once the amount of energy transferred to the load has been calculated, the 

inertia of the machines can be determined using Equation 13.8 and Equation 13.9. As 

Equafion 13.10 and Equafion 13.11 demonstrate, the experimental results are very close 

to the analytical estimations. 
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Figure 13.30: Speed and power versus time 
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Equation 13.9 

J=l.27kgm2 Equation 13.10 

Energy(360ORPM) = 90.282kJ Equaf ion 13.11 

The target system uses the 12-bit absolute posifion encoder instead of the 

incremental encoder. The encoder mounts on the end of the rotating rectifier. The original 

nut used to hold the rotating rectifier on the rotor shaft was replaced with a shaft 

extender, as shown in Figure 13.31. The extension was custom machined and has a bore 

run out less than 10 mils. 
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Figure 13.31: Rotor shaft extension 

The mounting of the encoder is shown in Figure 13.32 and Figure 13.33. 

Figure 13.32: Top view Figure 13.33: Side view 

The DC motor was not used as the load for the target system in the initial tests. 

Instead, a Y-connected linear load was used. The Y-connected load does not require a 

rectifier to operate and can be connected directly to the output of the generator. This load 

is actually made up of three 250-watt light bulbs, as shown in Figure 13.34. The exciter 

voltage is used to control the output voltage of the generator. As a result, the output 

power can also be controlled. 
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Figure 13.34: Y-connect linear load 

Figure 13.35: Test setup with Y-connected load 

The monitor system has the same basic layout as before, but in this case, the angle 

used in the vector rotations is obtained from the absolute position encoder. The exciter is 

driven by a programmable power supply to create voltage steps. This in tum results in 

voltage steps in the generator output voltage. The output from this monitoring system is 

given in Figure 13.36. The top two traces are the outputs from the DACs on the 

daughterboard. The bottom trace is the actual 420 Hz current waveform. The outputs 

from the DACs do correctly follow the actual current waveform as expected. 
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Figure 13.36: Results from Y-connected load 

The natural progression of the project suggests that the Y-connected load be 

replaced with the DC motor and SCR assembly. This has not been accomplished as of yet 

because of a malfunction in the absolute position encoder. This is not the first time the 

encoder has malfiinctioned. The absolute position encoder has already been return once 

for repair. Figure 13.37 shows a normal Gray code output from the encoder. The figure 

only shows the first 30 degrees of rotation for the encoder. It is normal for the last trace 

or least significant bit to remain low. The least significant bh is changing to fast for the 

logic scope to recognize it. Therefore, the scope shows it as low all the time. 

Figure 13.38 shows the erroneous output from the encoder. In this figure, the 

encoder is rotafing from 75 degrees to 105 degrees. Notice the sixth bit circled in red. It 

falls and stays low for some fime. 
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Figure 13.37: Normal Gray code output from absolute position encoder 
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Figure 13.38: Erroneous Gray code output from the absolute position encoder 
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The lower bits in Figure 13.38 are also cutting out, but it is possible this is a 

sampling problem with the logic scope. To verify the errors, the Gray code outputs were 

viewed on a higher resolufion oscilloscope. A screen capture is shown in Figure 13.39. 

The first channel is the sixth bit and it is clear the bit does drop out. Channels 2 and 3 are 

bfts 2 and 1, respectively, and they also show errors. This problem was fixed by BEI Inc. 

and the encoder was returned. 
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CTl2 5.00 V M2.00ms Chi I 3.5 V 

Figure 13.39: Erroneous Gray code outputs 

The current problem, although not as sever, still cases a great deal of difficulty. 

The encoder will not latch the output values correctly. The data sheet states that the latch 

pin is pull up internally to five volts. When the pin is brought to the ground state, the 

encoder outputs are latched. This does not correspond with data taken from the encoder. 

Figure 13.40 is a screen shot from the encoder signals. In the figure the top trace, 

Channel 1, is the output from the latch input pin. This is with the latch pin disconnected 

from all external circuitry. The encoder input latch pin is outputting a 12.5 kHz sawtooth 

wave on the latch pin. Channels 2 and 3 are bhs 1 and 2, respectively. 
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TeK s top 500kS/s 
h -^ 

l - t . 

(I'hr ro'ci V' 
Ch3 5 00 V 

16 Acqs 

W I'O'oVs 'CHil Y ' ' '2 '0'5'\y 

Figure 13.40: Latch output signal 

To test how the encoder responds to a latch signal, a Darlington transistor array 

was used to pull the latch pin to ground. The results from this test are shown in Figure 

13.41, on the next page. The top trace in light blue, channel 4, is the control signal for the 

Darlington transistor array. When it is high, the latch pin is pulled to ground. The 

remaining three channels are the same as in Figure 13.40. In this case, the sawtooth 

waveform is actually latching the encoder. In other words, the encoder is latching itself 

The current required to sink the latch pin to ground is approximately 100 mA, which is 

more than the rated limit for most microprocessors, typically in the area of 10 mA. 

The encoder also presents another problem, under close examination of channel 2 

in Figure 13.40 and Figure 13.41, it is possible to see the varying bit. The output from the 

least significant bit is very irregular. It should look like a square wave. Because of the 

latching problem and the irregularities in the least significant bit, the encoder will have to 

be removed from the system and sent to BEI for repairs. 
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[—^ 
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1 00 V 
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Figure 13.41: Latch control signal 

The encoder is also required to control the SCR firing assembly on the target 

system. The tests that have been carried out on the six-pulse controlled recfifier thus far 

are with a source that has a voltage of fixed magnitude and frequency. In these tests, the 

delay angle of the rectifier is based on a circuit that monitors the source voltage to detect 

the phase. Unfortunately, the rectifier can severely distort the source voltage waveform. 

The notching effects can be seen back in Figure 13.28 on page 159. This distortion on the 

source voltage may cause errors in the TTL phase reference signal. 

In the case of the target system, as the rotor speed slows down, the output 

frequency decreases and the notching of the voltage waveform increases. Because of 

theses two effects, it is more reliable to use the absolute position encoder to determine the 

phase of the output voltage. Given that the synchronous machine has 14 poles, for every 

complete rotation of the rotor, the source voltage makes seven electrical cycles. This 

means approximately ever 51 degrees of rotation the machine starts a new electrical 

cycle. The resolution of the encoder is 0.08 degrees, which is more than sufficient to 

synchronize the SCR firing assembly to the output voltage of the generator. 

168 



The encoder is essential to the monitoring system. Without the encoder, it is ver\ 

difficult to perform the vector rotations and control the rectifier. With a working encoder, 

the monitoring system on the initial test system and the target system was very effective. 

The firing control for the SCR assembly on the target system still requires more research. 
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CHAPTER XIV 

CONCLUSIONS 

The precision measurement and control of power and energy in some systems is 

crifical to ensure the correct operation of the system. For a system in which the energy 

transfer occurs very rapidly, high-speed diagnostics must be used. In pulsed power 

applications, rotational transformafions of the voltages and currents can be used to obtain 

accurate, real-time information of the vector quantifies. Because of the rotational 

transformation, the AC voltages and currents are transformed to DC values. The DC 

amplitudes represent the magnitude of the space vector. 

In order to track the space vectors accurately in fast spinning machines, these 

computations have to be performed rather quickly and in small angular increments. To 

speed-up the computations, the Analog Devices ADMC 201 motion coprocessor was 

used. The coprocessor carries out the complex rotafional transformations allowing the 

main processor to do other calculations. As a result, the overall control algorithm can run 

faster. It is also possible to compute the rotational transformations on a faster 

microprocessor and not use the ADMC 201. 

This project involved knowledge in many different areas of study. Some areas are 

machine theory, power electronics, sensors, utility interaction, electric drives, real time 

control and system modeling. It also required the development of many different custom 

printed circuit boards. 

The monitoring and control of a fast changing system is complex. Through the 

use of vector rotations, advanced sensors and real time signal processing it is possible to 

demonstrate fast real-time monitoring of the energy extracfion from a high frequency 

AC-Altemator with a full-bridge SCR converter. 
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APPENDIX A 

DERIVATION OF THE STEADY STATE TORQUE 

EQUATIONS FOR AN INDUCTION MACHINE 
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10 hp Induction machine: T-IModel Or Michael Giesselmann, May 27, 2003 

Reliance Vector Motor, Shp, 2-Poles: www.reliance.com/prodserv/motqen/b2773 2.htm 

Defining Units: RPM ̂  min" " Nm^newtonm kVAR = kW 

Defining Machine and Power Source Parameters: 

460 
Vprim := "TT-volt 

V3 
Freq := 60-Hz Phasespvim := 3 Poles := 

S y n c h S p e e d := 2-
Freq 

Poles 
S y n c h S p e e d = 3600 RPM 

Synch Speed - Speed 
Slip := 

S y n c h S p e e d 
Slip = 2.61 % 

Speed := 3506 RPM 

0); := 2 n F r e q 

Poles 
ffls.mech = 376.99 sec 

- I 

C'rim 

MA/-
•̂  prim 

V=-.^ Crinri moq 
R /Slip :? 

Equivalent Circuit Data of the Machine: 

Rprim-= ' • ^ • " 

Slip 
4 8 . 6 4 a 

•'^mag •" '^s 'Lmag 

Xpnm.60 := 3 .49-n 

Xniag.60:= ' 5 0 " 

X s e c . 6 0 : = 3 . 1 6 n 

Xprim • - "s 'Lprim 

^prim • 

^mag •-

Xprlm.60 

Xmag.60 

Adjusted pnmary voltage for peak Torque calculation: 

Xprim 1 
V a d j := V, prim 

^prim 

-^niag J 

Xsec.60 

^sec •" ^"s "^sec 

V adj = 259.4 volt 

Lprim = ' ' - 6 m H 

Lmag = 397.89mH 

Ls •- Lprini + Lfnag 

Maximum Torque, Formula (5-54), Page 278, Matsch, Morgan, Machines Book 

V_adj~ P h a s e s j r i m T m a x = 3 1 . 7 2 N m 
T max := 

2-»s.mech ^ ^ ^ . ^ + ^Rpr im^ + (Xprim + X,ec)^ 
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Solving the T Equivalent Circuit: 

Z;nag:= 21.8.n +j.Xmag ZpHm := Rprim + J V i m 

Zsec:= — . j . X , e e Z . , := Z , , , . . ^ 1 ^ 

^mag + ^sec 

Zmag = 21.8 + 150j O z^.-.m = 1.6 + 3.49J Q 

Zsec = 48.64 + 3.16ja Z,oi = 42.74 + 18.58jf! |z^ot| = 46.608 0 

_ P'''m 
'prim •- —^ Iprim = 523 - 2.27jamp \ \ ^ , \ „ \ = 5.7amp arg(lprim) = -23.5deg 

vmag--^pnin 'prmT'^prim 'mag := 
^mag 

lsec:= Iprim - 'mag 'sec = 5.08 - 0.63jamp |lsg,,| = 5.12 amp 

Power and Torque Calculations: 

Sin:= 3-Vprim-lprim S i n = 4 . l 6 + 1.81jkW 

Ssec= 3.83 + 0.25jkW 

Psec := I^e(Ssec) Pscc = 3.83 kW 

''mech = PsccC - Slip) Pmech = Torque-(Omecli '"mech = "s.mcchC - Slip) 

Pmcch = TorqueoJs.mcch'C - Slip) r>scc-(l - Slip) = TorqueOj mcchC - Slip) 

Psec 
Torque := Torque = IO.I6N1TI 

''^s.mech 

Calculating the Efficiency for Motor and Generator Operation: 

Psec(l-Sl ip) 
Re(Sin) 

if Slip > 0 Motor Operation: 

Re(Sin) ri = 89.5900 
otherwise p , .(i_siip) """='"^""' Generator Operation 

Pmcch := I'scc-C I " Slip) Pmcch = 51ip 
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Recalculating machine data as a function of speed: 

Slip(Speed) := Synch_Speed - Speed 
Synch_Speed 

Zscc(Speed) := ^̂̂  + jX^..^, 
Slip(Speed) '' '• 

7 ,„ .> T Zmag'Zsec(Speed) 
Ztot( Speed) := Zprj,,, + 

Zmag + Zsej.( Speed) 

I / c j % ^ p r i m Iprim(Speed) := 
Ztot(Speed) 

Vmag(Speed) := Vprin, - Iprim(Speed)-Zprim 

Vmag(Speed) 
'maaCSpeed) := 

^mag 

Iscc(Speed) := Iprim(Speed) - ln,ag(Speed) 

Sin(Speed) := 3Vp|.i,^-Ipri,n(Speed) 

Ssec(Speed) := 3-Vmag(Speed)-lsec(Speed) 

Psec(Speed) := Re(Ssec(Speed)) 

Psec(Speed) (1 - Slip(Speed)) 
r| (Speed) : if Slip(Speed) > 0 Motor Operation: 

Re{Sin(Speed)) 

Re(Si„( Speed)) 

Psec(Speed).(l - Slip(Speed)) ° " ' ' ™ " ' Generator Operation. 

Pse(;( Speed) 
Torque(Speed) := — Rot| oss(Speed) := Psec(Speed)Slip(Speed) 

'i's.mech 

Pmcch(Speed) := Pscc(Speed)(l - Slip( Speed)) 
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Defining a speed range for machine performance graphs: 

Speed := 1RPM,2RPM.. 7200RPM 

Torque versus Speed: 

rorquc( Speed) 

Nm 0 

Kc(s,„( Speed)) 

kW 0 

-20 

lm(s,„( Speed)) 24 

kVAR 

RI'M 

Real Input Power versus Speed: 

RPM 

Reactive Input Power versus Speed: 

7200 

721)0 

7200 

RPM 
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10(1 

n( Speed) fio 

Efficiency versus Speed: 

l|,nm(Spoedl| 24 

amp 

720U 

RI'M 

Input Current Magnitude versus Speed: 

RPM 

Rotor Losses versus Speed: 

7200 

7200 

RPM 
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Pmech versus Speed: 

' 'methf Speed) 

hp 0 

-20 

1X00 360U 5400 7200 

Speed 

RPM 

Following is the derivation for the classical german input current circle: 

Calculate Current for no-load and infinite speed 
V 

'ni: 
' prim 

lin1':= 

^prim + 2|T,iig 

^prim 

•^prim + 
^mag'J'^sec 

^mag + j • ^sec 

|lnl| = 1.71 amp arg(ln|) = -81.33deg 

I'inli = 39.17amp aigfljn,) = -76.27deg 

1|.= ' prim 

^prim + 

- 7- X | l i | =37.04amp arg(l|) =-66.78 deg 
•^niagl.'^sec + J -^sec./ 

^mag + (l^sec + J '-^sec) 

f̂ prim + J (^pr im + ^mag) 

J Xinaa 
|ac| = 1.02 

^diam •- ^c C'^scc + ^'magj "" (^prim + ^mag) 

I '^sec 2 I 
Sdiam := - ' Given Rd Rprjm + — a^ = 0 

Sdiam / 

'prim 

^ R 
^mag' 

^prim + V 

sec 1 
+ J-Xsec. 

^diam J 

^mag "*" 
^f^sec . ^ . ^ 

Sdiam / 

arg(a(;) = -0.6 deg 

Xdiam = 6.86-3.34.1 n 

Sdiam := Find(Sdiam) sjiam = -0.83 

I'diaml =40.18 amp 

arg(ldiam) =-88-78 deg 
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Speed Range for Input Current Locus (Osanna Circle): 

Speed := -20.Sy,Kh_Speed,-20Synch_Speed + 10RPM..40.Synch_Speed 

slip:= 10% 

l ly := 

•^e(lni) ^ 

amp 

Re(l|) 

V amp ) 

Dy 

J^eCnl) ^ 

amp 

'^e(ldiam) 

V amp "; 

l lx := 

-'m('nl) ^ 

amp 

- 'm( ' l ) 

V amp ) 

-•ni(lnl) ^ 

Dx:= 
amp 

-''"('diam) 

V amp 'J 

ly := 

^RfOnl) ^ 

amp 

Re('inf) 

V amp J 

k:= C. I 

lx:= 

0 

( -lm(lnl) ^ 

amp 

-lm('inf) 

amp J 

['primIC - slip)-Synch_Speed]] 

amp 

MVnin(^P^-<-''i)) 10 

amp 

ll.H 
CXDO 

Dv .̂ k 
ooo 

25 

20 

15 

10 

5 

0 

- ] 0 

-15 

-20 

Locus o f Input Current: 

/ / ^^'''^ .—---̂  

/ ^ . . - - • < ^ " ' ^ ' ' \ 

10 15 20 25 30 35 40 

-lm(lpn,„( Speed)) 

45 50 

• I I - H . l ^ k - U H . - l n i l L 
amp 
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APPENDIX B 

DERIVATION OF THE TORQUE SPEED 

CURVES AS A FUNCTION OF SUPPLY 

FREQUENCY 
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10 hp Induction machine model for variable Freq Operation: Michael Giesselmann, Feb-11-1999 

Defining Units: R P M . min" ' Nm^newton-m k V A R . k W 

Defining Machine and Pow/er Source Parameters: 

220 
Vprim : - ^ -volt Kreq := 60Hz Phasesjr im := 3 Poles := 6 

V2-Vprim= 179.6 voh SynchSpeed := 2 — ! ^ Synch_Speed = 1200 RPM Speed := 1164-RPM 
Poles 

Slip:= 
SynchSpeed - Speed 

Synch_Speed 
Slip= 3 % 0),, := 2-7i-Freq 

" s _ 1 '/Z-Vprim 
"s.mech : - 2-^7";— (Oj mech = 125.66 sec Volts_per_Rads := • Volts_per_Rads = 0.476 voltsec 

Poles 

R 

v V 

X pnm ' ' prim sec 

X R /Slip 

Single Phase equivalent circuit for steady-state model. Power converted in equivalent circuit 
is 1/3 of power converted in the machine. X is the equivalent magnetizing reactance due 
to the total magnetic flux at balanced conditions, and not valid during transients. 

Equivalent Circuit Data of the Machine: 

Rprim := 0 . 2 9 4 n ^prini.6() • : 0.524-Q 
^prim.60 

^pnm • 

Xmag.60:= 15.457-0 
Xmag.60 

. 41 mH 

'^mag •- "^s't'itiag 

Xsec.60:=0-279-O 

'^prim •= '^s'Lprim 

^sec.60 

^sec '~ *^s'Lsee 

L<,f.p = 0.74 mH 

Maximum Torque, Formula (5-54), Page 278, Matsch, Morgan, Machines Book 

T max: 

Vpnm-I 1 
Xprim ] 

Phases_prirn 

2ms.mech Pprim + •J'^prim + C^prim + ^sccj 

T max= l56 42Nm 
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Solving the Equivalent Circuit: 

^mag • 
1_V 

•^sec 

^prim : - Rpnm + J' Xpri 

^sec- - +j-Xsee 
Slip 

Z„,ag= 15.46JQ 

Zsec = 5.2 + 0.28J Q 

Vn 

prim 

' ' t o t : - Zprim H 
^mag + Zsjc 

Zpnm = 0.29 + 0.52jn 

Z,oi = 4.82 + 2.29jn 

^pnm 
prim •-

Vmag •- Vpiim Ipnm'Zpnm 

Iprim = 21.5 - 10.2.3jamp |lp,.in,| = 23.81 amp arg(lprim) = -25.45deg 

V„ 
l,T 

"mag 

'sec ''~ 'prim 'mag 

Power and Torque Calculations: 

''mag 

[sec= 22.03- 2.77jamp 

Sin= 8.19 + 3.9jkW 

Ssec= 7.69 + 0.41jkW 

Psec = 7.69 kW 

Torque = 61.21 Nm 
'̂̂ s.mech 

Calculating the Efficiency for Motor and Generator Operation: 

Psec-d - Slip) 

Sin '•-

Ssec 

''sec 

- •'•Vprinr'prim 

— 3-Vmag"'sec 

= Re(Ssec) 

Psec 

Re(Sin) 

Re(Sin) 

if S l i p > 0 

Psec-O-Slip) 

Pmech- ' 'seed -S l i p ) 

otherwise 

Motor Operation: 

Generator Operation: 

Pmech = 10.01 hp 

Isec = 22.2 amp 

ri = 91.08% 
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Defining maciiine performance as a function of speed and frequency 

Synch_Speed(Freq) := 2 - ^ ^ 
Poles 

Xmag(Freq) := 2-7t-FreqLmag 

XprimCFreq) := 2-7t-FreqLprim 

Xsec(Freq) := 2-7tFreqLsec 

220 
Vprim(Freq) := — - V j pu(Freq)voh 

v"* 

, 2-7t-Freq 
<"s.mech(Freq) := 2 

Poles 

Vs.pu(Freq) : 
Freq 

Freqpu < 
' 60-Hz 

0.15 if Freqpt,<0.15 

0.80-Freqpu + 0.03 if 0.15 < Freqpu ^ I 2 

1.0 if Freqpu > 1.2 

Freq:= OHz.O.lHz.. lOOHz 

Volts/Hertz Characteristic 

V,p„(Frcq) 0.6 

Volts/Hertz Characteristic 

\/^Vp„„(Freq) 

125 250 375 

2-TU-Freq 

f-mag' (Freq) : .V 

SIip(Speed,Freq) := 

Zsec(Speed,Freq) := 

J>-mag(Freq)j 

Synch_Speed(Freq) - Speed 

Zprim(Freq) := Rprim + J 'V im ' ' ' ' ' ' ^ ' ' ' 

Synch_Speed(Freq) 

Rsec 
+ jXsec(Freq) 

Ztot(Speed,Freq) := Zprim(Freq) 

Slip(Speed,Freq) 

Zmag(Freq)-Zsec(Speed, Freq) 

Zmag(Freq) + Zsec( Speed, Freq) 

lprim(Speed,Freq) : 
Vprim(Fi-eq) 

Zt„t( Speed, Freq) 

Vmag(Speed,Freq) := Vprim(Freq) - lprim(Speed,Freq)-Zprim(Freq) 

Vmag(Speed.Freq) 
Imag( Speed, Freq): 

Zmag(F''eq) 

lsec(Speed,Freq) ;= lprin,(Speed,Freq) - lmag(Speed,Freq) 
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Sin( Speed, Freq) := 3Vprim(Freq)lpri,n(Speed,Freq) 

Ssec(Speed,Freq) := 3-Vmag(Speed,Freq)-lsec(Speed,Freq) 

Psec(Speed,Freq) := Re(Ssec(Speed,Freq)) 

ti(Speed,Freq) := 
Psec(Speed,Freq)-(l - Slip(Speed,Freq)) 

if Slip(Speed,Freq) >0 Motor Operation: 
Re(Sin(Speed,Freq)) 

Re{Sin(Speed,Freq)) 

Psec(Speed,Freq)(l - Slip(Speed,Freq)) 
otherwise Generator Operation: 

Torque(Speed,Freq) : 
Psec(Speed,Freq) 

«s.mech(Freq) 

0 otherwise 

if (Synch_Speed(Freq) - 250-RPM) < Speed < (Synch_Speed{Freq) + 50RPM) 

•^o'l,oss(Speed,Freq) := Psee(Speed,Freq)Slip(Speed,Freq) 

Pmech(Speed,Freq) := Psec(Speed,Freq)-(l - Slip(Speed,Freq)) 

Freq:= lOHz, l 5 H z . . lOOHz 
Speed := 0RPM,1-RPM .. I800RPM 

Torque versus Speed 

1800 

RPM 

185 



APPENDIX C 

DERIVATION OF THE DYNAMIC TORQUE 

EQUATIONS FOR AN INDUCTION MACHINE 
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Development of the basic Theory of Field Oriented Control: 
Dr. Michael Giesselmann, March-07-2001 

Starting from the basic equations for the dynamic model of the induction motor, a new dynamic model 
is developed. This new dynamic model is formulated in the synchronous or excitation reference frame. 
This reference frame rotates with the same speed as the magnetic flux of both the stator and the rotor 
The stator and rotor quantities are DC values in steady state in the excitation reference frame. Also the 
inputs of this new dynamic model are the stator currents instead of the stator voltages. In order to 
achieve field oriented control, we will then simplify the dynamic model by choosing the stator input 
currents such that the q-component of the rotor current is always equal to zero. This is the basis of 
Field Oriented Control (FOC). It will lead to a simple linear equation for the developed torque as we 
found it in the DC machine. It is achieved by following the rotor flux vector and injecting the stator 
currents in phase-lock with it. Through the proper choice of the magnitudes of the d and q components 
of the stator currents, independent, i.e. de-coupled control of flux and torque in an induction machine 
like in a separately excited DC machine is possible. An induction motor which is controlled in this 
manner, produces torque that precisely follows the reference signal and exhibits superior dynamic 
behavior. 

Let's recall the basic vector equations for the stator and rotor voltages in the native reference frames: 
The stator and rotor quantities (voltages and currents) are represented as vectors with the d component 
being the real part and the q component being the imaginary part. V^ = V^j +j V^j The first subscript 
indicates the side (rotor, stator or excitation) the quantity is from and the second subscript indicates 
reference frame the quantity is referred to. 

Vss ~ I^s'ss + ~ ^ s s V|.|-= Rf l r r + —^rr 
dt dt 

Now, both equations are transformed into the excitation reference frame. The quantities in the stator 

equation must be "vector rotated" with the angular "synchronous" frequency of the supply currents, 

denoted as w, whereas the rotor quantities must be "vector rotated" with the angular frequency of the slip 

denoted as m^. Vector rotation is referred to as multiplication with d'"'. 

The stator equation expressed in excitation quantities is: 

g. iwt .y = R . g i " ' . ! + l ( e ' ' * ' ' . > . se ) Using the product rule for the derivative we get 
dt 

^•'"• '•Vse = Rs-e-''"''-lse + ^ ' " ' • f - ' ^ s e ' l + j-M-e'" ' ' ' -Xse Di^'^ing by d - ' and using p=d/dt 
Vdt J 

\i - D I ^lr,j.i,C\i Stator Equation in Excitation 
Vse - i^s'se + Vp + J cu^Ase _ , , 

The rotor equation expressed in excitation quantities is 

reference frame: 

e • V r e = R r e 're + T 
dt 

>-re 

Using the product rule for the 
derivative we get: 

j (o) - (D„) t . i(o)-(o„)t j-(o)-<Oo)t I ' d . V . ( _ \ . 
4^ °' . V r e = l ^ r e 're + e I - A r e , + JA« - OQ; Ar 

Vre = Rr ' re + [ p + J (« - Wo)]-^re 
Rotor Equation in Excitation 
reference frame: 
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The flux linkages X can be expressed by the following matrix equation in vector form 

> r e j V-m Lr) V're ; 
which evaluates to: ^se 1 

> r e j 

Ls'se + Lm're'l 

Lm'se + Lr ' reJ 

inserted into the voltage equations from above we obtain: 

Vse = Rslse + (p + J03).(L,.|se + L„.|,e) V,e = R,lre + [p ^ j (co - co„)].(L,.l3e + L , l . 

The following is the Vector Equation for the Voltages and Currents in Matrix form: 

rVse^ 

Vrej 

RS + ( P + J - W ) L S (p + j co )Ln , 

[ p + j -((0 - Wo)]-Lm Rr + [ p + j-((o - o)o)].Lr 

Ise^ 

V're, 

Note that: 

(0 - COQ = Mr 

The Voltage and Current Vectors are defined as follows: 

Vse = Vre = 
'Vdr^ 

' se 
' Ids^ 

lre = 
r-dr^ 

•qrj 
First Step: Inserting dq components for the complex vectors: 

^Vds + j - V q s ) 

Vdr + J-Vqrj 

R s + (p + . i u ) ) L s (p + j co ) -Lm 

(p + j W r ) L m Rr + (p + J 0 ) r ) L r 

Evaluation over the complex plane yields: 

^Vds"^ ( Rs-'ds + l -sPlds - Ls-wlqs + LnvP-'dr " l^m'W-Iqr^ 

Rs ' q s + L s P ' q s + L s ^ ' d s + LmP 'qr "*" ^rn 'oldr 

l -mPlds - Lm-Wr-Iqs + Rr 'd r + VP- 'd r - l-rWrlqr 

LmP-lqs + Lm-w,.lcls + Rr 'qr + LfP-'qr + L r m r ' d r j 

' ds+ . i ' q , s^ 

' d r+ . i - ' q r j 

Vdr 

vV; 

Vqs 

Vdr 

Rs + P-l-s -c> Ls pLm - w L n , ") 

co-Ls Rs + pLs coLm pL,^ 

pLm -Wr-Ln, R r + p L f -dfU 

Or-Lm P-Lm Wf-Lr Rr + P'^r j 

^ 'ds^ 

Iqs 

'dr 

Collecting some Terms: 

This is the complete equation system 
for the voltages and currents in the 
excitation reference frame. Compare 
with equation 1.89 in the Textbook. 
Note that in equation 1.89 Rr is 
missing in the lower right diagonal 
element. 

The equation system shown above can be implemented using an equivalent circuit as was demonstrated 
for the equation system for the stationary reference frame. The input quantities are the voltages as has 
been the case before. V̂ ĵ  and V are usually zero since the rotor circuit is short circuited. 
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Dynamic Block Diagram of the Induction Motor: Andrzej M. Trzynadlowski, Page 92 
Now we vyant to derive a dynamic model with current inputs in the excitation reference frame and extend 
the model to a general reference frame. A model with current inputs has benefits in many cases of drive 
modeling since it is simpler than the model with voltage inputs and it illustrates the benefits of vector 
control quite nicely. The fact, that it has current inputs presents no problems since most vector drives 
control the currents anyway. 

Recalling the vector equation for the rotor from above: (Equation numbers are referring to the equations in 
the textbook). Since the rotor voltage is zero, the second equation (1.85) can be rewritten as: 

Vse = R s ' s e + (p + j c o ) X s e Vre = Rr'lre + [ p + J (M - «o)]>.re 

Equation 3.4, Page 91 

Recalling also the flux linkage matrix equation and solving the 
lower equation for 1̂ ^ we get equation 3 2. 

Ire = —(A,re - Lm-lse) Equation 3.2 

Rrlre + (p + Jw, . )Xre= 0 

^ s e l I Lj-lge + Ln,-lre ) 

^rej i^Lni'lse + Lf-'re j 

Inserting Equation 3.2 into equation 3.4 we get; Using the definition of the rotor time constant T^=LyR^ 

(^re - J-m'se) 
+ (p + j f ) r ) - ^ r e = 0 Rr-

(Xre - L-m'sej 
+ (p +j-wr)-^re= 0 

Rearranging yields 

(^re ~ L,nlse) 
+ (p + j (Or) -Xre= 0 0 = —•(Xre-T:r-p +j->.re-Tr-Wr + Xre - LnrUe) 

Tr 

Solving for the derivative of the rotor fiux linkage for numerical solution by integration: 

pXre = — [ L m - l s e - ( ' + J-tr-«r)->-re] Equation 3.5, Page 91 

Splitting the above equation into real and imaginary parts we get: 

(?Ldr + j->^qr) = " [ L m - ( ' d s + J - ' q s ) - ( l + j--tr-a)r)-(^dr + j->^qr)] 

Evaluation over the complex plane yields: 

^dr + J-^ 
'' (p - r ) 

Lm-'ds - 7 T'^dr + -•Wr'^qr + J 
(P-Tr) P 

1 1 1 
7 T-Lm-'qs - 7 T'^qr " '^^r^dr 
(p-Tr) (P-Tr) P 

>-dr 

^qr "̂  ~ 
P 

•Xdr + Wr'^ V , 

Iqs A,qr - Wf-^d 
V_ Tr Tr 

Equation 3.6, Page 91, Excitation Reference Frame 

Equation 3.7, Page 91, Excitation Reference Frame 
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Equations for the Stationary and the general reference frame 

Equations for the Stationary Reference Frame: 

X.dr = -
P 

111 I 

'ds >^dr- (a^Xqr 

y 1 ( Lm 1 
^qr ~ - • 'qs ^qr + mo->.dr 

P \ Tr Tr 

can be easily derived and are given below 

Equations for the General Reference Frame 

Xdv = — 

^ q r • 

^r 

"111 I / 

'ds - —•>'dr+ (wref- MQ)-^. qr 

— 'us ^ q r - (,Wref- '"o)-''-dr 

{1/@T3U r] 

1 5 ' f ( , ' f%iNri 
• V i % m 2 j / 

(@Pr.lef,'2).' 
&P. Rott.r 

{1.''@T3u_r} 

PSpice implementation of above model: 

Now we develop an equation for the torque for use with the model shown above: Of course the previous 
equation will be usable if all currents are entered in the excitation reference frame. However, for 
compatibility with the dynamic model shown above, will now replace the rotor currents with equivalent 
values based on the rotor flux 

3 P . ^ 
T = - - Lni-(lqs-'dr- 'ds 'qr j 

' re ~ ~ ( ^ r e ~ Lm-lse) 
t̂ r 

^dr Lm-'ds 
'q r ' 

Previous equation for torque, which is equation 1.90, page 30 
modified for voltage and current invariant abc<->d transformation: 

Recall equation 3.2, Page 90, from above 

—31 II!—Hi Splitting into real and imaginary part and inserting into 
Lr torque equation above we get: 

3 P 
'qs' 

^dr - Lm- l js | 
- ' d s 

^qr Lm'Iqs 1 Using the rotor time constant: 
Rr 
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o p T 

' ^ = j ' i ' T T T ' ^ ' ' ' ' ' ^ ' ' ' ' ' " '^"'•''''^ - " d s - K r - Lm-lqs)] 

_ 3 P Lm , 
~ 'o'^ r~'l'qs-^dr - 'ds'^qr) Equation 3.3, Page 91, modified for current invariant D,Q transf. 

Z I Tr'Rr 

Field Orientation Conditions: 

The equation for the torque becomes: 

^ q r = 0 Equation 3.8, Page 93 

3 P Lm . , 
T = - • - —-i'qs-^drj = kr->-dr-' 

- '- Tr-Rr 

2 Z '̂" 

qs 
for \^^ = const the equation for the torque is 

equal to that of a DC-machine 

2 2 Tr-Rr 

The control signal for the Isq current component becomes: 

value for the torque constant 

U = 
T 

' ^ (kT-^dr) 

Recalling the equation for the d component of the rotor flux: 

-̂ d̂r 
P 

'ds ^d r+ Wr-̂ . qr V = o and using field orientation 
conditions: 

Then, the transfer function for the d component of the rotor flux reduces to: 

>-dr = 
1 , ^ Ln. 

'ds ^dr , ^dr ~ Ln 
Ids 

Tr " j '• " ( p - T r + l ) 

From the last equation, the control signal for l̂ ĵ  can be obtained: 

(^dr + Tr-^dr-p) ' + T r P 
'sd = •-̂ dr 

Since under Field Oriented Conditions X, = X,^, equafion 3.2 becomes: >.qr = 0 Equation 3.8, Page 93 

, _ i ^ r e - Lm-lse) Equation 3.2, Page 90 
ire-

Lr 

V^dr - Lm-lse) Equation 4 9, Page 106 
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Recalling equation 3.4: 

Rr-lre + (p + J-rar)-X.re= 0 Equation 3 4, Page 91 

Substitufing 1̂  from equation 4.9 into equafion 3.4 yields: 

(^dr - Lm-lse) 
Rr (p + j-0)r)-)idr = 0 

which simplifies to 

( R r ^ d r - R|-Lm-lse + ^di-Lf-p + j-Xdr-Lf-cor) 

u ' 
multiplying with Tr=L/R^ yields 

'*-dr- Lm-lse + Tr-(>tdr-p + j - ^ d r ' ^ r ) = 0 

dissolving 1̂  into 1̂ ^ and l̂ ^ yields 

^ d r - Lm-('d.s + j ' lqs) + Tr-(^dr-P + J-^dr'Wr) = 0 

evaluation over the complex plane yields 

^ d r - Lm-'ds + Tr-^-dr'P + J ( -Lm'qs + Tr->tdr-«r) = 0 

Setting the real and imaginary components of the last equation to zero yields: 

^dr-(l + Tr-p) = Lm-'ds Equation 4.11, Page 106 

Tr-> d̂r-wr = Lm-'qs Equafion 4.12, Page 107 

From the solution of equafion 4.12 we obtain the value for the slip frequency needed for FOC: 

,,-, =1 . SI Equafion 4.13, Page 107 Calculation of angular slip 

(,Tr-^dr) frequency 

The solution of equafion 4.11 gives the control signal for the current 1̂ ^ that was previously obtained: 

(Xdr+Tr-Xdr-p) _ ' + "r-P.^^ Equation 4.16, Page 107 Signal for 1̂ ^ 
'd: 

Ln 
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Flux 

V Flux 
Torque 

v_i-iux I— 

I I V_Ton:iue 

L mag 

Vfi,JH1l 
) 

( V T M I I N l ) 
1 +10n;i 

, '---1 

••.,f'*IH,H-

DDTr-./T'i.lHi; 
'Tr 

•, . f l lNl; i 

C-><llU27Tr 
+1 Dn) 

lufctorl 

I '""'livf..* 

: = = : = : ; 
Omerh 

UrTiyg_£ 

<-u-
F:_=.t3tcr^0 294 
P. Rijtor^C.lJfi 
Ljr,3q=4f UUlmH 
Vs leak=l -3SmH 
U-l^ak=Li 74n-iH 
J_mct=D 4 
On-ieg3jrift=u 
Pclej=6 

Omeg_mech 

PSpice implementafion of FOC using signals for the excitation reference frame 
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ANALOG 
DEVICES Motion Coprocessor 

ADMC201 
FEATURES 
Analog Input Block 

11-Blt Resolution Analog-to-Digltal (A/D) Converter 
7 Single-Ended (SEI Analog Inputs 

4 Simultaneously Sampled Analog Inputs 
Expansion with 4 Multiplexed Inputs 

3.2 IJI.S Conversion Time/Channel 
0 V-5 V Analog Input Range 
Internal 2.5 V Reference 
PWM Synchronized Sampling Capability 

12-Bit PWM Timer Block 
Three-Phase Center-Based PWM 
1.5 kHz-2S kHz PWM Switching Frequency Range 
Programmable Deadtime 
Programmable Pulse Deletion 
PWM Synchronized Output 
External PWM Shutdown 

Vector Transformation Block 
12-Bit Vector Transformations 
Forward and Reverse Clarke Transformations 
Forward and Reverse Park Rotations 
2.9 (IS Transformation Time 

Programmable Digital I/O Port 
6-Bit Configurable Digital I/O 
Change of State Interrupt Support 

DSP & Microcontroller Interface 
12 Bit Memory Mapped Registers 
Twos Complement Data Format 

6.25 MHz to 25 MHz Operating Clock Range 
68-Pin PLCC Package 
Single 5 V DC Power Supply 
Industrial Temperature Range 

GENERAL DESCRIPTION 
The ADMC201 is a motion coprocessor that can be used with 
either microcontrollers or digital signal processors (DSP). It 
provides the functionality that is required to implement a digital 
control system. In a typical application, the DSP or micro
controller performs the control algorithms (position, speed, 
torque and tlux loops) and the ADMC201 provides the neces
sary motor control functions: analog current data acquisition, 
vector transformation, digital inputs/outputs, and PWM drive 
signals. 

PRODUCT HIGHLIGHTS 
Simultaneous Sampling of Four Inputs 
A four channel sample and hold amplifier allows three-phase 
motor currents to bc sampled simultaneously, reducing errors 
from phase coherency. Sample and hold acquisition "iriejs 
1.6 MS and convention time per channel is 3.2 Ms (using a 12.5 MH?. 
system clock). 

R E V . B 

Information furnished by Analog Devices is ^f^Xfio^oD^I^'e^io^t reliable However, no responsibility is assumed by Analog Devces tor lis 

™se no for any infringements of patents or "'^^^^ ; ' a ' ' ' ^ „ ° ' ' ^ ,^3,^^^"'^, 
which may result from its use. No license '^9/„%"'«^^ S ^ ; , ^ , ^ ' ' " ' ' " " 
othenA/ise under any patent or patent rights of Analog Devices. 

FUNCTIONAL BLOCK DIAGRAM 

RE5ST -
WH -

AO-3 -
H C -
cs -

ms • 
CLK -

REFIN ' 
CONVST• 

AUX I 

AUXO-
AUX1 -
AUX2 -
AUX3-

PWMSYNC -

EMBEDDED 
CONTROL 

SEQUENCER 

DO-D 

INTERNAL 
REFERENCE 

11-BIT 
A/D 

CONVERTER =0 

AP -

MULTIPLEXER 
EXPANSION 

BLOCK 

12-BIT 
PWM TIMER 

BLOCK 

y. 
< c = ^ 

CONTROL BUS 

O 

v- CONTROL 
REGISTERS 

VECTOR 
TRANSFORMATION 

BLOCK 

cĉ  PROG. 
DIOITAL 

Flexible Analog Channel Sequencing 
The ADMC20I supports acquisition of 2, 3, or 4 channels per 
group. Convened channel results are stored in registers and 
the data can be read in any order. The sampling and conversion 
time for two channels is 8 M-"'. three channels is 11.2 Ms, and four 
channels is 14.4 Ms (using a 12.5 MHz system clock). 

Embedded Control Sequencer 
'ITie embedded control sequencer off-loads the DSP or micro
processor, reducing the instructions required to read analog 
input channels, control PWM timers and perform vector trans-
formadons. This frees the host processor for performing control 
algorithms. 

Fast DSP/Microprocessor Interface 
The high speed digital interface allows direct connection to 1 n-bit 
digital signal processors and microprocessors. The An.\lC201 
has 12 bit memory mapped registers with twos complemeni 
data format and can be mapped directly into the data memory 
map of a DSP. This allows for a single instmction read and wnte 
interface. 

Integration 
The ADMC201 integrates a four channel simultaneous sampling 
analog-lo-digital converter, four channel analog multiplexer, 
analog rcreicnce, vector transformation, six digital inputs/oulputs, 
and three-phase PWM timers into a 68-pin PI.CC:. Integration 
reduces cost, board space, power consumption, and design and 
test time. 

OneTechnology Way. P.O. Box 9106, Norwood, MA 02062-9106, U.S^A 
T»l- 781/329-4700 World Wide Web Site http://www.analog.com 
Fax: 781/326 8703 ® Analog Devices, Inc , 2000 
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ADMC201-SPECIFICATI0NS:r-i?c^rSr.;/:S.';r="'''"*'"''""'='"""' 
Parameter 

ANALOG-TO-DIGITAL CONVERTER' 
Resolution 
Relative Accuracy 
Differential Nonlinearity 
Bias Offset Error 
Bias Olliiel Match 
Full-Scale Error 
Full-Scale Error Match 
Conversion Time/Channel 
Signal-to-Xoise Ratio (SNR)^ 
Channel-to-Channel Isolation 

Two-,''niree-Phase Mode 
Three-Z'I'hree-Phase .Mode 

ANALOG INPUTS 
Input Voltage Level 
/Analog Input Current 
Input Capacitance 

TRACK AND HOLD 
Aperwre Delay 
Aperture Time Delay .Match 
SHA Acquisition Time 
Droop Rate 

REFERENCE INPUT 
Voltage Level 
Reference Input Current 

REFERENCE OUTPUT 
Voltage Ixvel 
Voltage Ixvel Tolerance 
Drive Capability 

LOGIC 
Vn. 
VlH 

VOL 

VOH 
Input Leakage Current 
Three-State Leakage Current 
Input Capacitance 

12-BIT PWM TIMERS 
Resolution 
Programmable Deadtime Range 
Programmable Deadtime Increments 
Programmable Pulse Deletion Range 
Programmable Deletion Increments 
Minimum PW.M Frequency 

VECTOR TRANSFORMATION 
Radius Error 
Angular Error 
Reverse Transformation Time 
Forward Transformation Time 

EXTERNAL CIX)CK INPUT 

Range 

INTERNAL SYSTEM CLOCK 

POWER SUPPLY CURRENT 
Inn 

ADMC201AP 

11 

±2 
±2 
±5 
4 
±6 
4 
40 
60 

58 
-55 

0-5 
100 
10 

200 
20 
20 
5 

2.5 
50 

2.5 
±5 
±200 

O.S 
2.0 
0.4 
4.5 
1 
1 
20 

12 
0-10.08 
2 
0 10.16 
1 
1.5 

0.7 
30 
37 
40 

6.25-25 

6.25 12.5 

20 

Units 

Bits 
LSB max 
LSB max 
I„SBmax 
LSB max 
LSB max 
1.SB max 
System CLK Cycles 
dB min 

dB max 
dB max 

Volts 
MAmax 
pFtyp 

ns max 
ns max 
System CLK Cycles 
mV/ms max 

Vdc 
MA max 

Volts 
% max 
MA max 

V max 
Vmin 
Vmax 
Vmin 
MAmax 
MAmax 
pFtyp 

Bits 
MS 
System CLK Cycles 
MS 
System CLK Cycle 
kHz 

% max 
arc mm max 
System CLK Cycles 
System CLK Cycles 

MHz 

MHz 

mA max 

Condit ions/Comments 

Twos Complement Data Furmat 
Integral Nonlinearity 

Any Channel 
Between Channels 
/\ny Channel 
Between Channels 

fiN = 600 Hz Sine Wave, I'SMIPIJ = 55 kHz, 600 Hz 

Sine Wave Applied to Unselecled Channels 

Any ('hannel 
Between Channels 

Full Load 

IsiNK = 400 MA, VDD = 5 V 
IsouRCE = 20 VA> VDD = 5 V 

160 ns 

80 ns 
Resolution Varies with PWM Switching Frequency 
(10 MHz Clock: 20 kHz = Q Bits, 10 kHz = 10 Bits, 
5 kHz = 11 Bits, 2.5 kHz = 12 Bits). Higher Fre

quencies are Available with Lower Resolution 

Park & Clarke Transformation 

If > 12.5 MHz, Then It Is NcCL-svary to Divide Down 
via SYSCTRL Register 

NOTES 
'Measurements made with exieinal reference. 
'Tested with PWM Switching Frequency of 25 kHz 
Specificalions subiect to change without nouce. 
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ADMC201 

Table I. T iming Specifications (VDD = 5 V, ± 5%; T^ = ^ O ' C to +8S°C) 

Number Symbol Timing Requirements Min Max Units 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

tp«clk 

,clk 

tpwiclk 

t,uCsb_wrb 

t,uaddr_wrb 

t^udata wrb 

li,dWrb_data 

ti,dwrb_addr 

ti,jwrb_csb 

Lp^iwrb' 

tp»t,wrb' 

thdWrb_clk_h' 

t,„wrb_clk_h' 

tsuwrb _clk_l' 

thjclk_wrb_l' 

t,ucsb_rdb 

t,uaddr_rdb 

thdrdb_addr 

thdrdb_csb 

tpwirdb 

'-pwh' rdb 

t,„rdb .clk_h 

thdrdb_clk_h 

tpwiresetb 

CLK Period 

CLK Pulsewidth, High 

CLK Pulsewidth, Low 

CS Low before Falling Edge of WR 

ADDR Valid before Falling Edge of WR 

DATA Valid before Rising Edge of WR 

DATA Hold after Rising Edge of WR 

ADDR Hold after Rising Edge of WR 

CS Hold after Rising Edge of WR 

WR Pulsewidth, Low 

WR Pulsewidth, High 

WR Low after Rising Edge of CLK 

WR High before Rising Edge of CLK 

WR High before Falling Edge of CLK 

WR High after Falling Edge of CLK 

CS Low before Falling Edge of RD 

ADDR Valid before Falling Edge of RD 

ADDR Hold after Rising Edge of RD 

CS Hold after Rising Edge of RD 

RD Pulsewidth, Low 

RD Pulsewidth, High 

RD Low before Rising Edge of CLK 

RD Low after Rising Edge of CLK 

RESET Pulsewidth, Low 

NOTE 
'All WRITES 

tothe ADMC201 inust occur within 1 System Clock Cycle (0 wait states). 

Number 

25 

26 

27 

28 

Symbol 

tdij.rdb^data 

ti,drdb_data 

tpwh-Pio 

tpwuPio 

Switching Characteristics 

DATA Valid after Falling Edge of RD 

DATA Hold after Rising Edge of R D 

Digital I/O Pulsewidth, High 

Digital I/O Pulsevndth^Low 

40 

20 

20 

0 

0 

13 

4.5 

4.5 

4.5 

20 

20 

7 

7 

10 

10 

0 

0 

0 

0 

20 

20 

7.5 

7.5 

2 x t „ 

160 

,clk 

Min Max 

23 

0 

2 X tp^clk 

2 X tp<,clk 

ns 

ns 

ns 

ns 

ns 

Units 

ns 

ns 

ns 

ns 

\ . 

Figure 1. Clock Input Timing 

HE§ET 

Figure 2. Reset Input Timing 

ALL WRITES TO THE ADMCJ01 MUST OCCUR WITHIN 
ONE SYSTEM CLOCK CYCLE (I.O., 0 WAIT STATES) 

Figure 3. Write Cycle Timing Diagram 
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ADMC201 

-C • \ r 

:)c X 

-•£ 
•^17 * 

.^ 

Figure 4. Read Cycle Timing Diagram 

ABSOLUTE MAXIMUM RATINGS* 
Supply Voltage (VDD) -0.3 V to +7.0 V 
Digital Input Voltage -0.3 V to VQD 
Analog Input Voltage -0.3 V to VQD 
Analog Reference Input Voltage -0.3 V to VDD 
Digital Output Voltage Swing -0.3 V to VDD 
Analog Reference Output Swing -0.3 V to VDD 
Operating Temperature -40°C lo -i-S5^C 
Ixad Temperature (Soldering, 10 sec) -I-280°C 

'Stresses greater than those listed above may cause permanent damage 10 the 
device. These are stress ratings only, and functional operation of the device at 
these or any other conditions greater than those indicated in the operational 
sections of this specification is not implied. Exposure 10 absolute maximum rating 
conditions for extended periods may affect device reliability. 

ORDERING GUIDE 

Part 
Number 

ADMC201AP 

Temperature 
Range 

40°C to -I-STT, 

Package 
Description 

68-Pin PLCC 

Package 
Option 

P-68A 

CAUTION 
ESD (electrostatic discharge) sensitive device. Electrostatic charges as high as 4000 V readily 
accumulate on the human body and test equipment and can discharge without detection. 
Although the ADMC201 features proprietary ESD protection circuitry, permanent damage may 
occur on devices subjected to high energy electrostatic discharges. Therefore, proper ESD 
precautions are recommended to avoid performance degradation or loss of ftinctionality. 
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ADMC201 

PIN D E S I G N A T I O N S 

Pin 

1 

2 

3 
4 

5 

6 
7 

8 
9 

10 
11 

12 
13 

14 
15 
16 

17 

18 
19 
20 
21 
22 
23 

24 
25 
26 

27 

28 
29 

30 

31 
32 
33 
34 
35 
36 

37 

Mnemonic 

D9 
DIO 
Dll 
PlOO 

PIOl 

P102 

P103 

P I 0 4 
P105 

VDD 
A3 
A2 
Al 
AO 
NC 
RESET 

CONVST 

TRQ 

VDD 

DGND 

CLK 

WR 

RD 
CS 
NC 

VDD 
; \GND 
AGND 

U 
V 

w 
SGND 

REFIN 
AUX3 
AUX2 
AUXI 

AUXO 

Type 

BIDIR 

BIDIR 
BIDIR 
BIDIR 

BIDIR 

BIDIR 

BIDIR 

BIDIR 
BIDIR 
SUP 

1/P 
l.'P 
I/P 
I/P 

I/P 

I/P 
0/P 
SUP 
GND 
I/P 
I/P 
I/P 
I/P 

SUP 
GND 
GND 
I/P 
1/P 
I/P 
GND 

1/P 
I/P 
I/P 
I'P 
1/P 

Description Pin 

Data Bit 9 38 

Data Bit 10 39 

Data Bit 11, MSB 40 
Programmable Digital 1/0 Bit 0 41 

Programmable Digital 1/0 Bit 1 42 

Programmable Digital I/O Bit 2 43 
Programmable Digital I/O Bit 3 44 

Programmable Digital I/O Bit 4 45 
Programmable Digital I/O Bit 5 46 
+5 V Digital Power Supply 47 

Address Bit 3, iVlSB 48 
Address Bit 2 49 
Address Bit 1 50 
Address Bit 0, LSB 51 
No Connect 52 
Chip Reset 53 

A/D Conversion Start ^'^ 
Interrupt Request (Pull-Up Required) ' ' 

+5 V Digital Power Supply ' * 
Digiul Ground ' ' ' 
External Clock Input ^° 

Write Select ^ ' 
Output Enable/Read *" 

„ . 61 
Chip Select " ' 

62 No Connect 
+5 V Analog Power Supply *^ 

Analog Ground _ 
Analog Ground 
Analog Input U 

67 Analog Input V 
Analog Input W ^ 

Mnemonic 

REFOUT 

VDD 
DGND 
DGND 

DGND 
DGND 

VDD 
NC 
IXIND 
STOP 
PWMS-YNC 

CP 

c 
BP 
NC 
B 

AP 

A 
DGND 
DGND 
DGND 

VDD 
DO 
Dl 
D2 
D3 
D4 
D5 
D6 

D7 
D8 

Type 

O/P 

SUP 
GND 
GND 
GND 

GND 
SUP 

GND 
1/P 
0/P 
O/P 
0/P 
0/P 

0/P 

0/P 

0/P 
GND 
GND 
GND 
SUP 
BIDIR 
BIDIR 
BIDIR 
BIDIR 
BIDIR 
BIDIR 
BIDIR 
BIDIR 
BIDIR 

Analog Signal Ground P i n T y p e s 

Anfllog Reference Input ^ . 
Auxiliary Analog Input 3 yp = Inpu t Pin 
Auxiliary Analog Input 2 Q / p - O u t p u t Pin 
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Description 

Internal 2.5 V Analog Reference 

+5 V Digital Power Supply 
Digital Ground 
Digiul Ground 
Digital Ground 

Digital Ground 
+5 V Digital Power Supply 

No Connect 
Digital Ground 
PW.M Timer Output Disable 
PWM Synchronization Output 
I"* .\1 Timer Output C Pnme 
PWM Timer Output C 
PW.\1 Timer Output B Pnme 

No Connect 
PWM Timer Output B 
PW.M Timer Output A Prime 

PW.\1 Timer Output A 
Digital Ground 
Digital Ground 
Digital Ground 
+5 V Digital Power Supply 
Data Bit 0, LSB 
Dau Bit 1 
Data Bit 2 
Data Bit 3 
Data Bit 4 
Data Bit 5 
Data Bit 6 
Data Bit 7 
Data Bit 8 

Pin Types 

B I D I R = Bidirect ional Pin 

S U P = Supply Pin 

c 
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ANALOG INPUT BLOCK 

The ADMC201 contains an 11-bit resolution, successive approxi
mation analog-to-digital (A/D) convener with twos complement 
output data format. The analog input range is±2.5 V (0 V-5 V) 
with a 2.5 V offset as defined by REFIN. The on-chip 2.5 V ± 
5% reference is utilized by connecting the REFOUT pin to the 
REFIN pin. 

The input stage to the A/D converter is a four channel SHA 
which allows the four channels (U, V, W and AUX) to be held 
simultaneously and then sequentially digitized. The auxiliary 
input (AUX) is fed by a four channel multiplexer that allows the 
channels AUXO, AUXl , AUX2 and AUX3 to bc individually 
converted along with the pnmary channels U, V and W. The 
auxiliary inputs are ideal for reading slower changing variables 
such as bus voltage and temperanire. The AID conversion time 
is determined by the system clock frequency, which can range 
from 6.25 MHz to 12.5 MHz. The Sample and Hold (SHA) 
acquisition time is 20 system clock cycles and is independent of 
the number of channels sampled and/or digitized. Forty system 
clock cycles are required to complete each /VD conveniion. The 
analog charmel sampling is flexible and is programmable 
through the SYSCTRL register. The minimum number of 
channels per conversion is two. The throughput time of the 
analog acquisirion block can be calculated as follow-s; 

^AA ~ ^SHA + ( « >< ^COA/t' ) 

where 
tjt^ = analog acquisition time, 
n = # channels, 
hHA - SHA acquisition time (20 x system clock period), 
tcoNV = conversion time (40 x system clock period) per channel. 

A/D Conversions are initiated via the CONVST pin. A syn
chronizing pulse (PWMSYNC) is provided at the begiiming of 
each PWM cycle. This pulse can be used to synchronize the 
A/D conversion process to the PWM switching frequency. 

Operating tiie A/D Converter 
The /VD converter can bc set up to convert a sequence of channels 
as defmed in the SYSCTRL register (see Table VI). The default 
channel select mode after RESET is to convert channels V and 
W only. This is two-/thrce-phase mode. Three-Zthree-phase 
mode converts channels U, V, W, and/or AUX. Three-Zthree-
phase mode is selected by writing a 1 to Bit 3 of the SYSCTRL 
register. After the conversion process is complete, the charmels 
can be read in any order. 

'ITiere are two methods that can be used to indicate when the 
/VD conversions are completed and the data is ready: interrupt 
driven and software timing. 

Interrupt Driven Method 
Interrupts can be used to indicate the end of conversion for a 
group of channels. Before beginning any A/D conversions, Bit 7 
of the SYSCTRL register must be set to I to enable MV) con
version mterrupts, 'Dien, when an /VD conversion is complete, 
an mterrupt will be generated. After an interrupt is detected. 
Bit 0 of the SYSSTAT register must be checked to determine if 
the A/D convener was the source. Reading the SYSSTAT reg
ister automatically clears the interrupt flag bits. 
Software Timing Method 

An alternative method is to use the DSP or microcontroller to 
keep track of the amount of time elapsed between CONVST 
and the expected completion time (n x tcoNv). 
Reading Results 

The 11-bit /VD conversion results for charmels U, V, W and 
AUX are stored in the ADCU, ADCV, ADCW and ADCAUX 
registers respectively. The twos complement data is left justified 
and the LSB is set to zero. The relationship between input volt
age and output coding is shown in Figure 5. 

OUTPUT 
CODE FULL-SCALE 
'-°°^ TRANSITION 

0 1 1 1 1 1 1 1 1 1 1 0 - -

0 0 0 0 0 0 0 0 0 0 0 0 - -

1 0 0 0 0 0 0 0 0 0 0 0 

\ 

/ 

/ FS • 5V 

LSB = -5^ 

2.6 5V-1LSB 
INPUT VOLTAGE 

Figure 5. Transfer Function 

Sample and Hold 
After powering up the ADMC201, bring the RESET pin low for 
a minimum of two clock cycles in order to enable /VD conversions. 
Before initiating the first conversion (CONVST) after a reset, 
the SHA time of 20 system clock cycles must occur. A conversion 
is initiated by bringing CONVST high for a minimum of one 
system clock cycle. 'Ilie SUA goes into hold mode at the falling 
edge of clock. 

Following completion of the /VD conversion process, a minimum 
of 20 system clock cycles are required before mitiatmg another 
conversion in order to allow the sample and hold circuitry to 
reacquire the input signals. 

If a CONVST is iniuated before the 20 clock cycles haveelapsed, 
the embedded control sequencer will delay conversion until this 
requirement is met. 
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PWM TIMER BLOCK OVERVIEW 
The PWM timers have 12-bit resolution and support program
mable pulse deletion and deadtime. The ADMC201 generates 
three center-based signals A, B and C based upon user-supplied 
duty cycles values. The three signals are then complemented 
and adjusted for programmable deadtime to produce the six 
outputs. The ADMC201 PWM master switching frequency can 
range from 2.5 kHz to 20 kHz, when using a 10 MHz system 
clock. The master frequency selection is set as a fi-action of the 
PWMTM register. If the system clock is 10 MHz, then the 
minimum edge resolution available is 100 ns. 

The output format of the PWM block is active LO. There is an 
external input to the PWM timers (STOP) that will disable all 
six outputs within one system clock when the input is HIGH. 

The ADMC201 has a PWM Synchronization output 
(PWMSYNC) which brings out the master switching frequency 
from the PWM timers. The width of the PWMSYNC pulse is 
equal to one system clock cycle. For example, if the system clock 
is 10 MHz, the PWMSYNC width would be equal to 100 ns. 

PWM Master Switching Period Selection 
The switching time is set by the PWMTM register which should 
be loaded with a value equal to the system clock frequency 
divided by the desired master switching frequency. For ex
ample, if the desired switching frequency is 8 kHz and the 
system clock frequency is 10 iVlHz, then the PWMTM register 
should be loaded with 1250 (10 MHzZ8 kHz). The PWMCHA, 
PWMCHB and PWMCHC registers are loaded with the 
desired on-time and their values would be calculated as a ratio 
of the PWMTM register value. Note: Desired Pulse Density = 
(PWMCI Ix register)Z( PWMTM register). 
The beginning of each PWM cycle is marked by the PWMSYNC 
signal. New values of PWMCHA, PWMCHB and PWMCHC 
must all be loaded into their respective registers at least four sys
tem clock cycles before the beginning of a new PWM cycle. All 
three registers must be updated for any of them to take effect. 
New PWM on/off times arc calculated during these four clock 
cycles and therefore the PWMCHA, PWMCHB and PWMCHC 
registers must be loaded before this time. If this timmg require
ment is not met, then the PWM outputs may be invalid during 
the next PWM cycle. 

PWM Example , , „ ». , i 
The following example uses a system clock speed ot 10 MHz. 
The desired PWM master switchmg frequency is 8 kHz and the 
desired on-ttme for the timers A, B and C f ^ , f % ' 5 0 % and 
10% respectively. TTte values for the PWMCHA, PWMCHB 
and PWMCHC registers must be calculated as rauos ol the 
PWMTM register (1250 in this example). To achieve these 
duty cycles, load the PWMCHA register with 313 (1250 x 
0.25), PWMCHB with 625 (1250 X 0.5) and PWMCHC with 
125 (1250x0 .1 ) . 

Programmable Deadtime 
With perfecdy complemented PWM drive signals and nonideal 
switching charactenstics of the power devices, both transistors 
in a particular leg might be switched on at the same time, result
ing in either a power supply trip, mverter trip or device 
destruction. In order to prevent this, a delay must be intro
duced between the complemented signal edges. For example, 
the rising edge of AP occurs before die falling edge of A, and the 
falling edge of the complemented A occurs after the rising edge 
of A. This capability is known as programmable deadtime. 

The ADMC201 programmable deadtime value is loaded into 
the 7-bit PWMDT register, in which the LSB is set to zero m-
temally, which means the deadtime value is always divisible by 
two. With a 10 MIIz system clock, the 0-126 range of values in 
PWMDT yield a range of deadtime values from 0 us to 12.6tts 
in 200 ns steps. Figure 6 shows PWM timer A with a program
mable deadtime of PWMDT. 

J~L 
PWMCHA-PWMOT 

n 
O" 

PWMCHA + PWMDT 

Figure 6. Programmable Deadtime Example 

Pulse Deletion 
The pulse deletion feature prevents a pulse from being gener
ated when the user-specified duty cycle results in a pulse 
duration shorter than the user-specified deletion value. 'Die 
pulse deletion value is loaded into die 7-bit register PWMPD. 
When the user-specified on-time for a channel would result in a 
calculated pulse width less than the value specified in the 
PWMPD register, then the PWM outputs for that channel 
would be set to full oft' (0%) and its prime to full on (100%). 
This is valid for A, AP, B, BP, C and CP. This feature would 
be used in an environment where die inverter's power transis
tors have a minimum switching time. If the user-specified duty 
cycle would result in a pulse duration shorter titan the minimum 
switching time of the transistors, then pulse deletion should bc 
used to prevent this occurrence. With a 10 MHz system clock, 
the 0-127 range of values in PWMPD yield a range of deadume 
values from 0 US to 12.7 |ls in 100 ns steps. 

External PWM Shutdown 
TTiere is an external mput pin (STOP) to die PWM timers that 
will disable all six outputs when it goes HIGH. When the S1 Ul 
pin goes HIGH, die PWM timer outputs will all go HIGH 
within one system clock cycle. When die STOP pm goes LOW, 
the PWM timer outputs are re-enabled within one system clocK 
cycle. If external PWM shutdown isn't required, ne the STOl 
pin LOW. 
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VECTOR TRANSFORMATION BLOCK OVERVIEW 
The Vector Transformation Block performs both Park and 
Clarke coordinate transformations to control a three-phase 
motor (Permanent Magnet Synchronous Motor or Induction 
Motor) via independent control of the decoupled rotor torque 
and flux currents. The Park & Clarke transformations combine 
to convert three-phase stator current signals into two orthogonal 
rotor referenced current signals Id and Iq. Id represents the flux 
or magnetic field current and Iq represents the torque generat
ing current. 'I'hc Id and Iq current signals are used by the 
processor's motor torque control algorithm to calculate die re
quired direct Vd and quadrature Vq voltage components for dte 
motor. The forward Park and Clarke transformations are used 
to convert die Vd and Vq voltage signals in the rotor reference 
frame to three-phase voltage signals (U, V, W) in the stator ref
erence frame. These are dicn scaled by the processor and 
written to die A D M C 2 0 r s PWM registers in order to drive die 
inverter. The figures below illustrate the Clarke and Park 
Transformations respectively. 

Three-Phase 
Stator Currents 

Equivalent 
Two-Phase Currents 

Figure 7. Reverse Clarke Transformation 

ROTOR 
REFERENCE 
FRAME AXIS 

Rotating 
Reference Frame 

Stationary 
Reference Frame 

Figure 8. Reverse Park Transformation 

Stationary 
Reference Frame 

Rotating 
Reference Frame 

Figure 9. Forward Park Transformation 

Equivalent 
Two-Phase Voltage 

Three-Phase Stator 
Voltage 

Figure 10. Forward Clarke Transformation 

Operating/Using the Vector Transformation Block 
After powering up the ADMC20I, ly-SET must be driven 
low for a minimum of two clock cycles to enable vector 
transformations. 

The vector transformation block can perform eidier a forward or 
reverse transformation. 

Reverse Transformation is defined by the following operations: 
(a) Clarke: 3-phase current signals to 2-phase current signals 
followed by (b) Park: 2-phase current signals cross multiplied by 
sin p, cos p which effectively measures the current components 
with respect to the rotor (stationary) where p is the electrical 
angle of the rotor field with respect to die stator windings. 

Forward transformation is defined by the following operations: 
(a) Park: 2-phase voltage signals cross multipbed by sin p, cos p fol
lowed by (b) Clarke: 2-phase to 3-phase voltage signal conversion. 

In order to provide maximum flexibility in the target system, the 
ADMC201 operates in an asynchronous manner. This means 
that the functional blocks (analog input, reverse transformation, 
forward transformation and PWM timers) operate indepen
dently of each other. The reverse and forward vector 
transformation operations carmot occur simultaneously. All 
vector transformation registers, except for RHOZRHOP, are 
twos complement. RHOZRHOP are unsigned ratios of 360°. 
For example, 45° would be 45Z360 X 2'f 

Performing a Reverse Transformation 
A reverse transformauon is initiated by writmg to the reverse 
rotation angle register RHO and operates on the values in the 
PHIPl , PHIP2 and PHIP3 registers. When the reverse trans
formation is in 2/3 mode, PHIPl is calculated from PHIP2 and 
PHIP3. This is used in systems where only two-phase currents 
are measured. The reverse transformation 2Z3 mode is set by 
clearing Bit 10 in the SYSC TRI, register and is die default 
mode after I^iSET. 

In order to perform a reverse transformation, first write to die 
PHIP2 and PHIP3 registers, and to the PHIPl register if not in 
2Z3 mode. Then initiate die transformation by writing the re
verse rotation angle to the RHO register. 

The reverse rotation will be completed in 37 system clock cycles 
after the rotation is initiated. If Bit 6 of the system control reg
ister IS set, dien an interrupt will be generated on completion. 
When an mterrupt occurs, the user must check Bit 1 of the 
SYSSTAT register to determine if the vector transformation 
block was die source of the interrupt. 
During the vector transformation, the vector transformauon 
registers must not be written to or die vector rotation results will 
be invalid. 
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Reverse Clarke Transformation 
The first operation is the Clarke transformation in which the 
three-phase motor current signals (I^, ly, l^) are converted to 
sine and cosine orthogonal signals (I^ and ly). These signals 
represent the equivalent currents in a two-phase ac machine and 
is the signal format required for the Park rotation. The diree-
phase input signals arc of the form: 

PHIPl Iu=I,cose 
PHIP2 I„ = I, cos (9 + 120) 
PHIP3 U = I, cos (6 + 240) 

and the Park rotation requires inputs in the form I, cos 9 and 
Is sin 9, therefore we need to generate I, sin 9. 

This is calculated from; 

lY I, sin e = ^ (/j cos (9 + 240) - 1 , cos (9 +120)) 

After the reverse transform, registers Î  and ly contain the 2-

phase input current information. 

In the case where 2- of 3-phase information (PHIP2Z3 only) is 
provided, then PHIPl will be derived from the simple fact that 
all sum to zero. This value is then placed in die IX register. 

IX = Ix= I. cos 0 = - I. cos (9 + 120) - I. cos (9 -I- 240) 

Reverse Park Rotation 
IX/FY are Uien processed logedier with the digital angle p 
(RHO) by a Park rotation. If the input signals are Î  and ly, 
then the rotation can be described by: 

ID Ij = IxXcosp-l-IyXsinp 
IQ Iq=-IyXsinp- l - IyXCOsp 

where ID and IQ are the outputs of the Park rotation. 

Cos p and sin p are required for the Park rotation, and are calcu

lated internally. 

Substituting for Ix and ly in die above yields: 
ID Id = I, cos 0 X cos p -H, sin 8 x sin p = I, cos (9 - p) 
IQ Iq = I. sin 9 X cos p - I, cos 9 x sin p = I, sin (9 - p) 
Performing a Forward Transformation 
In order to perform a forward rotation, write values to the VD 
and VQ registers and then initiate the transformauon by wntmg 
the rotation angle to the register RHOP. The fotv'ard trmistor-
mation will only operate correctly when Bit 10 in die SYSL1 KL 
register is set (i.e., in 3Z3 mode). 

The forward rotation will be completed in 40 system clock 
cycles after the rotation is initiated. If Bit 6 of the system 
control register is set, dien an interrupt will bc generated on 
completion. When an interrupt occurs, die user must check Kit 
1 of the system status register, SYSSTAT, to determme if the 
vector transformation block was the source of the interrupt. 
During the vector transformation, the transformation registers 
must not be wrinen to or die vector rotation results will be invalid. 

Forward Park Rotation 
If the input signals are represented by Vd and Vq, then the 
transformation can be described by: 

VX Vx = Vj X cos p - Vq X sin p 
VY Vy = Vd X sin p -I- Vq X cos p 

where V^ and Vy are the outputs of die Park Rotation, and are 
the inputs to the reverse Clarke transformation. 

Forward Clarke Transformation (2- to 3-Phase) 
The second operation to be applied to the above results, is die 
Forward Clarke Transformation where 2-phase (stator) voltage 
signals are converted lo 3-phase (stator) voltage signals. 
For die inverse Clarke transform we require three-phase outputs 
of the form below: 

PHVl V cos a 
PHV2 V cos (a-I-120) 
PIIV3 V cos (a -I- 240) 

We have two quadrature voltages (V cos a and V sin a) available. 

PHV2 Vcos(a-t- l20) = - i x V c o s u 

PHV3 Vcos (a-i-240) = - ^ x V c o s a 

-^xV'. 

4« V s i n u 

PROGRAMJWABLE DIGITAL INPUT/OUTPUT PORT 
The ADMC201 has a six bit programmable digital IZO port. 
Each bit is individually configurable as input or output. All bits 
configured as inputs have die ability to operate as interrupt 
sources. Each pin is independently capable of generating an in
terrupt should its input level change. 
Configuring the Programmable Digital I/O Port 
The PIOCTRL register is used to configure die individual bits 
on the programmable digital IZO port as eidier inputs or outputs 
and to enable change of state inierrupls. 'Die low-er six bits of 
PIOCTRL control the direction (eidier input or output) of die 
individual bits. A zero configures the corresponding bit as an 
input; conversely a 1 configures the corresponding bit as an out
put. The upper six bits of PIOCTRL are used to enable die 
individual bits for use as change of state mterrupt sources. A 0 
disables change of state interrupt generation and a 1 enables 
change of state interrupt generation. The interrupt enable for a 
bit configured as an output is ignored. At power-up or RhSh 1, 
all six bits of die digital port arc configured as input and change 
of state interrupt generation is disabled. 
Using the Programmable Digital UO Port 
The PIODATA register is used to write to and read from die 
digital I/O port. Bits 0-5 of die PIODATA register correspond 
to PIO 0-5 on the ADMC201. Bits 6-11 of PIODATA are un
used and always contain 0. Read from PIODATA to determine 
the state of PIO 0-5. Write to PIODATA to change the states 
of PIO 0-5. Writing to bits configured as input has no etlect. 
Reading from bits configured as output will rewm die last value 
written. 
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INTERRUPT GENERATION 
There are three interrupt sources on the /\DMC201 diat may be 
independently enabled to generate interrupts. The first inter
rupt source is the Analog Input Block, which, if enabled, 
generates an interrupt at the end of conversion. The second in
terrupt source is the Vector Transformation Block, which, if 
enabled, generates an interrupt at the end of a Vector Transfor
mation. The third interrupt source is the Digital I/O Block. 
Each digital I/O bit, if configured for input and enabled, gener
ates an interrupt when its input level changes. 

When a 1 is stored in Bit 7 of the SYSCTRL register, ADC in
terrupts are enabled. When a 1 is stored in Bit 6 of the 
SYSCTRL register. Vector Transformation interrupts are en
abled. When a I is stored in any of Bits 6-11 of die PIOCTRL 
register, digital I/O change of state interrupts arc enabled for 
Bits 0-5 respectively. Upon a reset of the chip, all bits are set to 
the default condition, 0, thus disabling all interrupts. 

When an enabled interrupt occurs. Bit 11 of die SYSSTAT reg
ister becomes a 1. If that interrupt had been an ADC interrupt. 
Bit 0 of SYSSTAT register would also be set to 1. If that inter
rupt had been a Vector Transformation interrupt. Bit 1 of 
SYSSTAT would be set to 1. If that interrupt had been a digi
tal I/O interrupt, then Bit 2 of the SYSSTAT would be set to I. 
Whenever the SYSSTAT register is read, these four bits go back 
to their default state, 0, immediately after their values are loaded 
onto the data bus. Upon a reset, these four bits also go to their 
default state, 0. 

The IRQ pin has an open-drain driver, which will drive it low at 
the appropriate times, but the user must supply an external pull-
up resistor to bring the node back high when it is not being 
pulled low. 

The IRQ pin operates in one of two modes, edge mode or level 
mode. In edge mode, when an enabled interrupt occurs, the 
IRQ pin will be dnvcn low for one system clock period. In level 
mode, when an enable interrupt occurs, die IRQ pin will be 
driven low, and will remain low until die SYSSTAT register is 
read. The combination of level mode and the open-drain driver 
allows multiple interrupt sources in an application to drive a 
single interrupt input line on the host DSP or microprocessor. 
Edge mode or level mode is determined with Bit 8 of the 
SYSCTRL register. Edge mode (0) is die default; a I in this bit 
will put the IRQ pin mto level mode. 

The recommended mediod of using die interrupt generation ca
pability is to set edge or level mode, enable die appropriate 
interrupts, and dien monitor die IRQ line. After the IRQ pin 
goes low, die SYSSTAT register of the ADMC201 should be 
read, (1) to determine if it was this chip that caused the inter
rupt, if odier lines are wired togcdier with this IRQ pin, and 
(2) if it was this chip, to determine if it was generated by the 
Analog Input, Digital I/O and/or die Vector Transformation 
Blocks. Once diis is done, die appropriate interrupt handling 
routine may be executed. 

APPLICATION NOTE LIST 
1. AN-407 AC Motor Control Experiments Using the ADMC200 

Evaluation Board 

2. AN-408 AC Motor Control Using the ADMC200 Motion 

Coprocessor 

3. AN-409 Advanced Motor Control Techniques Using the 
ADMC200 Motion Coprocessor 

POWER SUPPLY CONNECTIONS AND SETUP 
The nominal positive power supply level (VDD) is -t-5 V ± 5%. 
The Positive Power supply VDD should be connected to all 
ADMC201 VDD pins (10, 19, 26, 3<), 44, 59). The SGND pm 
(32) and both AGND pins (27, 28) should be siar point con
nected at a point close to the AGND pins of the ADMC201. 
'llie DGND pins (20, 40, 41 , 42, 43, 46, 56, 57, 58) should 
alsobeconnected to AGND pins close to die ADMC20I. 

Power supplies should be decoupled at the power pins using a 
0,1 nF capacitor. A 220 nF capacitor must also be connected as 
close as possible between REFIN (Pin 33) and SGND (Pin 32). 
In addition, the IRQ requires a 15K pull-up to the Vpu supply. 

SYSTEM CLOCK FREQUENCY 
The nominal range of die input clock for die AD.MC201 is 
6.25 MHz to 25 MHz. The external CLK frequency can be in
ternally divided down by 2 by writing lo Bit 5 of die SYSC TRI. 
register. If die external CLK is faster than 12.5 .MHz then it is 
necessary lo internally divide it down. 

DSP/CONTROLLER INTERFACE 
'llie ADMC201 has a 12-bit bidirectional parallel port for inter
facing with Analog Devices' ADSP-2100 DSP family or 
microcontrollers/microprocessors. 

The ADMC201 coprocessor is designed to be conveniently in
terfaced to the ADI's family of Fixed-Point DSPs. Figures 11 
and 12 show the interfacing between the AD.MC201 and the 
ADSP-2101Z2105Z2115, ADSP-2171, ADSP-2181, TMS320C2X 
DSPs. In the case of the TMS320C2x, some glue logic is re
quired to decode the RDZWR lines and invert the CLKOUTI 
signal. 

The ADSP-2101Z2105/2115 CLKOUT frequency equals the 
crystal/clock frequency of its CLKIN. This signal (CLKOUT) 
can be used to directly drive the CLK line (Pin 21) on die 
ADMC201. The ADMC201 coprocessor can be operated widi 
a clock frequency between the of 6.25 MHz and 25 MHz. If die 
clock frequencies is greater than 12.5 MHz, then it is necessary 
to internally divide down the external clock to derive the 
ADMC20rs system clock (via SYSCTRL register). 

L ADDRESS BUS 

2_L 
DMS 

A0-A13 

ADSP-2101/ 
ADSP-2105/ 
ADSP-2115-20MHZ IRQ2 

ADSP-2171-10MHZ RD 

ADSP-2181-10MH2 m 

CLKOUT 

T T 

ADDRESS 
DECODE 

DATA BUS 

BY MAPPING THE ADMC201 DATA BUS TO THE TWELVE HIGHEST BITS 
OF THE ADSP DATA BUS, FULL-SCALE OUTPUTS FROM THE ADC 
CAN BE REPRESENTED BY ± 1.0 IN FIXED POINT ARlTHMEnC 

Figure 11. ADI Digital Signal Processor/Microcomputer 
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ii: 
ADDRESS BUS 

TMS320C20 

TMS320C25 

TMS320C2S-50 

DO-DU 

mi 

IS 

INTn 

ADDRESS 
DECODE 

: ^ ^ 
- > • 

O 

P 
IRQ 
_ ADMC201 

WR 

CLK 

5 
Figure 12. Tl Second Generation Devices TMS320C20/ 
C25/C25-50 

In the case of the ADSP-2171/2181, die system clock is inter
nally scaled, a 10 .MHz system clock will derive a 20 MIIz 
CLKOUT. In die case of the TMS320C2X, die CLKOUTI 
signal is derived from the system clock divided by a factor of 4, 
consequently a 50 MHz TMS320C25-50 will derive a 
12.5 MHz CLKOUTI for use by the ADMC201. 

Note: a pull-up resistor is required on the IRQ (Pin 18) output 
from die ADMC201. The STOP (Pin 47) must be tied low if 

ADMC201 
REGISTER ADDRESSING 
Four address lines (AO through A3) are used in conjunction 
with die control lines (CS, WR, RD,) to select registers 0 
through 15. The CS and RD control lines are active low. 'Ilic 
registers are given symbolic names. 

Table II. 

Pin 

CS 

RD 

WR 

Function 

Enables the ADMC201 register interface 
(connect via chip select logic-active low) 
Places data from the intemal register onto the 
data bus 
Loads the intemal register with data on the 
data bus on its positive edge 

DESCRIPTION OF THE REGISTERS 
All unspecified register locations are reserved. 

SYSCTRL 

SYSSTAT 
ADCU 
ADCV 
ADCW 

ADCAUX 

PWMTM 

PWMCHA 

PWMCHB 

PWMCHC 

PWMDT 

PWMPD 

IDZIQ 

PHV1Z2Z3 

System Control Register (See Tables V, 
VI, VII). 

System Status Register (See Table VII). 

These registers contain the results from 
the first three analog input channels 
U, V, and W. The output data format 
is twos complement and, therefore, Bit 0 
IS always zero as the AZD converter 
has 11-bit resolution. 
This register contains the conversion result 
of the auxiliary channels AUXO, AUXl, 
A U X 2 o r A U X 3 . 

PWM Master Switching Period 

PWM Channel A On-Time 

PWM Channel B On-Time 

PWM Channel C On-Time 

PWM Programmable Deadtime Value 

PWM Programmable Pulse Deletion Value 

These are the results of the reverse 
rotation (torque and flux components). 

These are the results from the forward 
Clarke Transformation. 

PHIPIZ2Z3 The inputs for reverse vector transforma
tion (Clarke and Park). 

IX/IY These registers contain the results 
of the Clarke transformation that 
are the inputs to the reverse Park rotation. 

VX, VY VX, VY contain the results of die forward 
Park rotation. 

RHOP RHOP is die angle used during die 
forward vector transformation. Writmg to 
the RHOP register causes the forward 
rotation to start based on values in 
RHOP, VD and VQ registers. 

RHO RHO is the angle used during the reverse 
vector transformation. Writing to this 
register stans the reverse rotation using 
the values in die RHO, PHIPl/2Z3 
registers. 
RHO and RHOP are unsigned ratios of 
360°. For example, 45 degrees would be 
45Z360 X 2'^. 

PIODATA Write to tiiis register to change the 
digital outputs and read from it to 
determine the state of digital inputs. 

PIOCTRL This register is used to configure the 
digital I/O as input or output and to 
enable interrupt on change of state. 
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ADMC2Q1 

Table III. Write Registers 

Name 

RHO 

PHIPl /VD 

PHIP2/VQ 
PHIP3 

RHOP 

PWMTM 

PWMCHA 

PWMCHB 

PW.MCHC 

PW.MDT 

PW.MPD 

PIOCTRL 

PIODATA 

SYSCTRL 

At 

0 

0 

0 

0 

0 

0 

0 

0 

A j 

0 

0 

0 

0 

I 

1 

1 

1 

0 

0 

0 

0 

I 

1 

1 

1 

A, 

0 

0 

1 

I 

0 

0 

1 

1 
0 

0 

1 

1 

0 

0 

1 

1 

A„ 
0 

1 

0 

1 

0 

1 

0 

1 

0 

1 
0 

1 

0 

1 

0 

1 

Register Function 

Load RHO (p) and Stan Reverse Transform 

Reverse Rotation Direct Input/Forward Direct Input 

Reverse Rotation Direct Input/Forward Direct Input 

Reverse Rotation Direct Input 

Load RHOP (p) and Start Forward Transform 

PWM Master Switching Period 

PWM Channel A On-Time 

PWM Channel B On-Time 

PWM Channel C On-Time 

PWM Programmable Deadtime (7-Bit Register) 

PWM Pulse Deletion Value (7-Bit Register) 

Digital I/O Control 

Digital I/O Data Write (6-Bit Register) 

System Control 

Reserved 

Reserved 

Table IV. Read Registers 

Name 

ID/PHVIWX 

IQZPHV2 

IX/PHV3 

lYZVY 

ADCV 

ADCW 

ADCAUX 

ADCU 

PIODATA 

SYSCTRL 

SYSSTAT 

A, 

0 

0 

0 

0 

0 

0 

0 

0 

A: 

0 

0 

0 

0 

1 

1 

1 

1 

0 

0 

0 

0 

1 

1 

1 

1 

A, 

0 

0 

1 

1 

0 

0 

1 

1 

0 

0 

1 

1 

0 

0 

1 

1 

A„ 
0 

1 
0 

1 

0 
1 

0 

1 

0 

1 

0 

1 

0 

1 

0 

1 

Register Function 

Reverse Rotation Result (iDs)ZForward Result Cos -FO° 

Reverse Rotation Result (iQs)ZForward Cos -1-120° 

Revense Clarke Cos -l-0°ZForward Result Cos •(•240° 

Reverse Clarke Cos -i-90°ZForward Cos -1-90° 

Reserved 

A/D Conversion Result Charmel V 

A/D Conversion Result Charmel W 

/VD Conveniion Result Auxiliary Channel 

/VD Conversion Result Channel U 

Reserved 

Reserved 

Reserved 

Digital I/O Data Read (6-Bit Register) 

System Control 

System Status 

Reserved 
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ADMC201 
Table V. System Control (SYSCTRL) Registers 

Bit 

0 

1 

3 

4 

5 

Fmiction 

Auxiliary Channel Selection 

Auxiliary Channel Selection 

Enables U Channel Conversion 
(1 = Enable) Two-ZThree-Phase Mode 

Enables AUX Channel Conversion 
(0 = Disable, 1 = Enable) 

Divide External Clock by 2 

RESET 
Default 

0 

0 

0 

0 

10 

(0 = No, 1 = Yes) 

Park Interrupt Enable 

ADC Interrupt Enable 
(0 = Disable, 1 = Enable) 

IRQ Pin Format (Edge or Ixvel Based 
Interrupt Requests) (0 = Edge) 

Reverse Rotation (0 = 2Z3, 1 = 3Z3) 
Forward Rotation (1 = Enable) 

Table VI. SYSCTRL Auxiliary Channel Selection 

BitO 

0 
0 
1 
1 

Bit l 

0 
1 
0 
1 

Auxiliary Channels Converted 

AUXO 
AUXl 
AUX2 
AUX3 

Table VII. 

Bit 3 

0 
0 
1 
1 

Bit 4 

0 
1 
0 
1 

SYSCTRL Analog Input Channel Selection 

Channels Converted 

V, W (Default) 
V, W, AUX 
U,V,W 
U, V, W, AUX 

Mode 

Two-ZThree-Phase 
Two-ZThree-Phase 
Three-ZThree-Phase 
Three-i'Three-Phase 

Bit 0, 1 Auxiliary Charmel Selection. 

Bit 3 Channel U Conversion Enable. If Bit 3 is set to 1, dien 
Channel U will be converted along w-idi V, W andZor 
AUX. This bit selects three-Zdiree-phase mode. 

Bit 4 Aux Channel Conversion Enable. If Bit 4 is set to 
1, then the AUX input will be converted along with 
the channels V, W and/or U. 

Bit 5 If Bit 5 = 1, then the external clock will be divided by 
two to derive die system clock. If the external clock 
frequency is greater dian 12.5 MHz, then this bit must 
be set. 

Bit 6 Park Interrupt Enable. This bit allows interrupts to 
be generated when the Park rotation is completed. 

Bit 7 ADC Interrupt Enable. This bit allows interrupts to 
be generated when the analog-to-digital conversion 
process is complete. 

Bit 8 IRQ Pin Format—Edge or Level Interrupt Selection. 
If Bit 8 is set to 0, tiien an interrupt will cause a 
pulse of one system clock to be generated on die 
IRQ pin. If Bit 8 is set to 1, then an interrupt 
causes die IRQ output to go LOW (logic 0). The IRQ 
output pin will remain LOW until the SYS.STAT 
register is read. 

Bit 10 If Bit 10 is set to 1, dien the reverse Park transforma
tion will be formed in 3Z3 mode. For Forward 
transformations, diis bit must be set to 1. 

207 



ADMC201 
Table VIII. System Stams Register (SYSSTAT)' 

Bit 

0 

2 

4 

11 

Function 

AID Conversion 
Completion Interrupt 
(1 = T r u e ) 

Vector Transformation 
Completion Interrupt 
(1 = T r u e ) 

Digital IZO Change of Stale 
Interrupt (I = True) 

Rotation Results are Valid 
(1 = Valid) 

IRQ Generated from This 
Device (1 = True) 

RESET 
Default 

0 

0 

X^ 
0 

NOl'ES 
'Reading this register clears the interrupt status flags Bits 0, 1, 2 and 11. 
^Undefined until the fir̂ t Vector Transformation has started 

Bit 0 AZD Conversion Completion Interrupt. This register 
is set 10 1 when the /VD conversion process has com
pleted and ADC interrupts have been enabled in the 
SYSC TRL register. 

Bit 1 Interrupt Status. This register is set lo 1 when die 
Vector Transformation is completed and the Vector 
Transformation completion interrupts have been 
enabled. 

Bit 4 This bit is set lo 1 when the rotation results are valid 
reading this. 

Bit 11 If any interrupt source on the ADMC201 occurs, dicn 
this bit is set to 1. 

Table IX. Programmable Digital I/O Control Register 
(PIOCTRL) 

Bit 

10 

Function 

Programmable Digital IZO Direction 
Bit 0 (0 = Input, 1 = Output) 
Programmable Digital 1,(1 Direction 
Bit I (0 = Input, 1 = Output) 
Programmable Digital IZO Direction 
Bit 2 (0 = Input, 1 = Output) 
Programmable Digital VO Direction 
Bit 3 (0 = Input, 1 = Output) 
Programmable Digital VO Direction 
Bit 4 (0 = Input, I = Output) 

Programmable Digital IZO Direction 
Bit 5 (0 = Input, 1 = Output) 
Programmable Digital IZO Bit 0 Interrupt 
(0 = Disable, 1 = Enable) 
Programmable Digital VO Bit 1 Interrupt 
(0 = Disable, 1 = Enable) 
Programmable Digital IZO Bit 2 Interrupt 
(0 = Disable, 1 = Enable) 
Programmable Digital VO Bit 3 Interrupt 
(0 = Disable, 1 = Enable) 
Programmable Digital I/O Bit 4 Interrupt 
(0 = Disable, I = Enable) 
Programmable Digital I/O Bit 5 Interrupt 
(0 = Disable, 1 = Enable) 

RESET 
Default 

Bits 0-5 Sets corresponding Digital I/O bits as eidier input 

or output. 

Bits 6-11 Configures Digital VO Bits 0- 5 as interrupt on 
change of state sources. Enabling interrupts for bits 
configured as output has no effect. 
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ADMC201 
OUTLINE DLMENSIONS 

Dimensions shown in inches and (mm). 

6S-Lead Plastic Leaded Chip Carrier 
(P-68A) 

0.985 (2S 02) -̂ ^ 
i - . n n n r i n n nVi n n n n n n n n 

Cio 
C 
c 
c 
c 
c 

TOP VIEW 
(PINS DOWN) 

uuuuuuuuuuuuuuuuu 
0.964(24^3) 0.104 (2.64) TYP 
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APPENDIX E 

ADVANCED THREE-PHASE SEMIKRON MINISKIIP 

INVERTER 
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APPENDIX F 

THREE-PHASE ISOLATED VOLTAGE MONITOR 
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APPENDIX G 

MOTOROLA HC12-A4 AND ADMC 201 ASSEMBLY 

CODE 
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* Target system 

-Real Time Interrupts Start the Vector Rotation I 
* -Current sensors are on ADCU and ADCV 
* -Uses Absolute Position Encoder * 
* -Outputs 
* LCD Screen 
* 2 12 Bit DACs 
* Written for HC12A4 Eval Board 
* written for AS12 Assembler, July 07, 2003 by B. McHale & M. Giesselmann* 

NAM 
* * * * * * * * * * i i f * * * * ^ ^ ^ 

Current Calculation LCD offset.as 

******* 
***** 
PORTA 
PORTB 
DDRA 
DDRB 
PORTC 
DDRC 
PORTE 
DDRE 
PEAR 
MODE 
PUCR 
RDRIV 
INITRM 
INITRG 
INITEE 
MISC 

MC68HC1 
r * * * * * 

Paralle 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 
equ 

2A4 REGISTER EQUATES *****.•**. 
* * * * * * * * * * * * * * * * * * * * ^ ^ ^ ^ ^ j ^ ^ ^ ^ ^ ^ ^ ^ ^ 

1 I/O Port Registers *****«*•*« 
$00 
$01 
$02 
$03 
$04 
$0S 
$08 
$09 
$0A 
$0B 
$0C 
$0D 
$10 
$11 
$12 
$13 

Port A Data Register 
Port B Data Register 
Port A Data Direction Register 
Port B Data Direction Register 
Port C Data Register 
Port C Data Direction Register 
Port E Data Register 
Port E Data Direction Register 
Port E Assigment Register 
Mode Register 
Pull Up Control Register 
Reduced Drive of I/O Lines Register 
Initialization of Internal RAM Position Register 
Initialization of Internal Register Position Register 
Initialization of Internal EEPROM Position Register 
Miscellaneous Mapping Control Register 

**** Real Time Clock Registers *********** 

RTICTL equ $14 ,-Real Time Interrupt Control Register 
RTIFLG equ $15 ,-Real Time Interrupt Flag Register 

**** COP Watchdog Timer Registers ******** 

COPCTL 
COPRST 
ITSTO 
ITSTl 
ITST2 
ITST3 

equ 
equ 
equ 
equ 
equ 
equ 

$16 
$17 
$18 
$19 
$1A 
$1B 

COP Control Register 
Arm/Reset COP Timer register 

***• Resets and Interrupts Registers ******** 

INTCR equ $1E /Interrupt Control Register 
HPRIO equ $1F ,-Highest Priority Interrupt Register 

Key Wakeup Registers ******** 

PORTD 
DDRD 
KWIED 
KWIFD 
FORTH 
DDRH 
KWIEH 

equ 
equ 
equ 
equ 
equ 
equ 
equ 

$05 
$07 
$20 
$21 
$24 
$25 
$26 

Port D Data Register 
Port D Data Direction Register 
Key Wakeup Port D Interrupt Enable Register 
Key Wakeup Port D Flag Register 
Port H Data Register 
Port H Data Direction Register 
Key wakeup Port H Interrupt Enable Register 
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KWIFH 

PORTJ 

DDRJ 
KWIEJ 

KWIFJ 

KPOLJ 

PUPSJ 

PULEJ 

equ $2 7 

equ $2 8 

equ $29 ; 

equ $2A 

equ $2B 

equ $2C 

equ $2D 

equ $2E 

Key Wakeup Port H Flag Register 
Port J Data Register 
Port J Data Direction Register 
Key Wakeup Port J Interrupt Enable Register 
Key Wakeup Port J Flag Register 
Key Wakeup Port J Polarity Register 
Key Wakeup Port J Pull-up / Pull-down Select Register 
Key Wakeup Port J Pull-up / Pull-down Enable Register 

Memory Expansion Registers 

PORTF 

PORTG 

DDRF 

DDRG 

DPAGE 

PPAGE 

EPAGE 

WINDEF 

MXAR 

equ $30 

equ $31 

equ $32 

equ $33 

equ $34 

equ $35 

equ $3 6 

equ $3 7 ,-

equ $38 

Port F Data Register 
Port G Data Register 
Port F Data Direction Register 
Port G Data Direction Register 
Data Page Register 
Program Page Register 
Extra Page Register 
Window Definition Register 
Memory Expansion Assignment Register 

** Chip Select Registers 

CSCTLO 

CSCTLl 

CSSTRO 

CSSTRl 

equ 

equ 

equ 

equ 

$3C 

$3D 

$3E 

$3F 

Chip Select Control Register 0 
Chip Select Control Register 1 
Chip Select Stretch Register 0 
Chip Select Stretch Register 1 

•*•* Phase Lock Loop Registers t * * * * * * * 

LDVH 

LDVL 

RDVH 

RVDL 

CLKCTL 

equ 

equ 

equ 

equ 

equ 

$40 

$41 

$42 

$43 

$47 

Loop Divider Register High 
Loop Divider Register Low 
Reference Divider Register High 
Reference Divider Register Low 
Clock Control Register 

**** Analog to Digital Converter Registers 

ATDCTLO 

ATDCTLl 

ATDCTL2 

ATDCTL3 

ATDCTL4 

ATDCTL5 

ATDSTATH 

ATDSTATL 

ATDTESTH 

ATDTESTL 

PORTAD 

ADROH 

ADRIH 

ADR2H 

ADR3H 

ADR4H 

ADR5H 

ADR6H 

ADR7H 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

equ 

$60 

$61 

$62 

$63 

$64 

$65 

$66 

$67 

$68 

$69 

$6F 

$70 

$72 

$74 

$76 

$78 

$7A 

$7C 

$7E 

Reserved 
Reserved 
ATD Control Register 
ATD Control Register 
ATD Control Register 
ATD Control Register 
ATD Status Register High 
ATD Status Register Low 
ATD Test Register High 
ATD Test Register Low 
Port AD Data Input Register 
A/D Converter Result Register 0 
A/D Converter Result Register 1 
A/D converter Result Register 2 
A/D Converter Result Register 3 
A/D Converter Result Register 4 
A/D Converter Result Register 5 
A/D converter Result Register 6 
A/D converter Result Register 7 
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standard Timer Module Registers 

TIOS 
CFORC 
0C7M 
0C7D 
TCNTH 
TCNTL 
TSCR 
TQCR 
TCTLl 
TCTL2 
TCTL3 
TCTL4 
TMSKl 
TMSK2 
TFLGl 
TFLG2 
TCOH 
TCOL 
TCIH 
TCIL 
TC2H 
TC2L 
TC3H 
TC3L 
TC4H 
TC4L 
TC5H 
TC5L 
TC6H 
TC6L 
TC7H 
TC7L 
PACTL 
PAFLG 
PACNTH 
PACNTL 
TIMTST 
PORTT 
DDRT 

equ $80 
equ $81 
equ $82 
equ $83 
equ $84 
equ $85 
equ $86 
equ $87 
equ $88 
equ $89 
equ $8A 
equ $8B 
equ $8C 
equ $8D 
equ $8E 
equ $8F 
equ $90 
equ $91 
equ $92 
equ $93 
equ $94 
equ $95 
equ $96 
equ $97 
equ $98 
equ $99 
equ $9A 
equ $9B 
equ $9C 
equ $9D 
equ $9E 
equ $9F 
equ $A0 
equ $A1 
equ $A2 
equ $A3 
equ $AD 
equ $AE 
equ $AF 

Timer Input Capture / Output Compare Select 
Timer Compare Force Register 
Output Compare 7 Mask Register 
Output Compare 7 Data Register 
Timer Counter Register Hi $84 
Timer Counter Register Lo $85 
Timer System Control Register $86 
Reserved 
Timer Control Register 1 
Timer Control Register 2 
Timer Control Register 3 
Timer Control Register 4 
Timer Interrupt Mask Register 1 
Timer Interrupt Mask Register 2 
Timer Interrupt Flag Register 1 
Timer Interrupt Flag Register 2 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Timer Input Capture / Output Compare Register 
Pulse Accumulator Control Register 
Pulse Accumulator Flag Register 
Pulse Accumulator Count Register High 
Pulse Accumulator Counter Register Low 
Timer Test Register 
Timer Port T Data Register 
Timer Port T Data Direction Register 

**** Serial Communication (SCI 5= SPI) Registers 

SCOBDH 
SCOBDL 
SCOCRl 
SC0CR2 
SCOSRl 
SC0SR2 
SCODRH 
SCODRL 
SCIBDH 
SCIBDL 
SCICRI 
SC1CR2 
SCISRI 
SC1SR2 
SCIDRH 
SCIDRL 
SPOCRl 
SP0CR2 
SPOBR 

equ $C0 
equ $C1 
equ $C2 
equ $C3 
equ $C4 
equ $C5 
equ $C6 
equ $C7 
equ $C8 
equ $C9 
equ $CA 
equ $CB 
equ $CC 
equ $CD 
equ $CE 
equ $CF 
equ $D0 
equ $01 
equ $D2 

SCI 0 Baud Rate Register High 
SCI 0 Baud Rate Register Low 
SCI 0 Control Register 1 
SCI 0 Control Register 2 
SCI 0 Status Register 1 
SCI 0 Status Register 2 
SCI 0 Data Register High 
SCI 0 Data Register Low 
SCI 1 Baud Rate Register High 
SCI 1 Baud Rate Register Low 
SCI 1 Control Register 1 
SCI 1 Control Register 2 
SCI 1 Status Register 1 
SCI 1 Status Register 2 
SCI 1 Data Register High 
SCI 1 Data Register Low 
SPI 0 Control Register 1 
SPI 0 Control Register 2 
SPI 0 Baud Rate Register 

0 

0 

1 

1 

2 

2 

3 

3 

4 

4 

5 

5 

6 

6 
7 

7 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

Hi 

Lo 

$90 

$91 

$92 

$93 

$94 
$95 

$96 

$97 

$98 

$99 
$9A 

$9B 

$9C 

$9D 

$9E 

$9F 
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SPOSR 
SPODR 
PORTS 
DDRS 

equ $D3 
equ $D5 
equ $D6 
equ $D7 

**** EEPROM Regist 

EEMCR 
EEPROT 
EETST 
EEPROG 
Display 

equ $F0 
equ $F1 
equ $F2 
equ $F3 
equ $8010 

******************* 
***** ADMC2 01 

******************* 

SPI 0 status Register 
SPI 0 Data Register 
Port S Data Register 
Port S Data Direction Register 

* * - * * * - * * T l 

EEPROM Module Configuration Register 
EEPROM Block Protect 
EEPROM Test Register 
EEPROM Control Register 
Subroutine for 7 segm display 

***** Write Regi 
RHO 
PHIP1_VD 
PHIP2_VQ 
PHIP3 
RHOP 
PWMTM 
PWMCHA 
PWMCHB 
PWMCHC 
PWMDT 
PWMPD 
PIOCTRL 
PIODATA_W 
SYSCTRL W 

If - * • - * * * * Tl 

01 REGISTER 
t * * * * * ^ 

sters ***** 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

*********̂  
EQUATES 

$0220 
$0222 
$0224 
$0226 
$0228 
$022A 
$022C 
$022E 
$0230 
$0232 
$0234 
$0236 
$0238 
$023A 

********* 
********** 
********* 

Load RHO and Start Reverse Transform 
Reverse/Forward Rotation Direct Input 
Reverse/Forward Rotation Direct Input 
Reverse Rotation Direct Input 
Load RHOP and Start Forward Transform 
PWM Master Switching Period 
PWM Channel A On-Time 
PWM Channel B On-Time 
PWM Channel C On-Time 
PWM Programmable Deadtime {7-Bit Register) 
PWM Pulse Deletion Value {7-Bit Register) 
Digital I/O Control 
Digital I/O Data Write {6-Bit Register) 
System Control 

Read Registers 

ID_PHV1 
IQ_PHV2 
IX_PHV3 
IY_VY 
ADCV 
ADCW 
ADCAUX 
ADCU 
PIODATA_R 
SYSCTRL_R 
SYSSTAT 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

$0200 
$0202 
$0204 
$0206 
$020A 
$020C 
$020E 
$0210 
$0218 
$021A 
$021C 

Reverse Rotation Result{IDS)/Forward Cos +0° 
Reverse Rotation Result {IQS)/Forward Cos •i-120° 
Reverse Clarke Cos +0°/Forward Result Cos +240° 
Reverse Clarke Cos +90°/Forward Cos +90° 
A/D Conversion Result Channel V 
A/D Conversion Result Channel W 
A/D Conversion Result Auxiliary Channel 
A/D Conversion Result Channel U 
Digital I/O Data Read {6-Bit Register) 
System Control 
System Status 

* * * * * , * • * • • * . * * * * * * * * * • • * * * * * * * • * * * * * * • * * • • * * * * * * * * * * * * * * * * * * * * * 

********** start (ORIGIN) of Code in Memory ******************* 
**************************************************************** 
Start: ORG $4000 ;Origin=Bottom of Ext RAM 
**************************** 

•**•* Auto Start Setup •••** 
**************************** 

NOP -The 2 NOPs Make the Program Auto Start 
NOP .-Program in EE-PROM looks for 2 NOPs to Auto Start 

**** Initialize COP **** 

**************************** 
MOVB #$C2, COPCTL 

Keep the COP turned on 
And turn on Clock Monitor (Write Once) 
Time-0ut=4.096 ms 
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****************************** 
**** 

* * * * * * * * * * * 1 , t * t i , i , i , t , t , t 

Initialize Ch 4 Interrupts .* 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ^ , ^ , ^ , ^ , ^ , ^ , ^ , t ^ , ^ , ^ , ^ ^ ^ ^ ^ ^ ^ 

PT4 is connected to PWM Synch Output of ADMC 201 
Signal on PWM S-ynch marks new Switching Cycle 
Signal on PWM Synch is high for 125ns for 8MHz 

********************* 
BSET 
MOVW 
BSET 
BSET 

^******^,*^,^,^,^,^,^,^,^,^,^^,^, 
TSCR ,$80 
#Int,$B00+(2*19) 
TCTL3,$01 
TMSKl,$10 

Enable Timer System 
Setup Timer Channel 4 Interrupt 
Enable Rising Edge Captures on Channel 4 
Enable Interrupts for Channel PT4 

k * * * * * * * * * * * * * * * * * * * * * * * * * * * * i i * * i r i , i , i , i , i r i r i r i f i r * * i r i , i , i , i r * * 

*** Initialize HC12A4 to work with ADMC201 ***• 
k * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * i r * * * * * * i r * * * * i r i , i t * i t * * 

BSET 
BCLR 
BSET 

CSCTLO, $01 
CSSTRl, $03 
PEAR, $2C 

Activate Chip Select 0 
Un-Select E-Clock Stretch CSO 
Select PIPOE, Low Strobe i RD/WR 

i r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 1 r * * i 

**** Initialize ADMC201 **** 
t * * * * * * * * 

MOVW 

MOVW 
#$003F, PIOCTRL ,-Make all 10's on ADMC201 Outputs, No Interrupts 
#$0410, SYSCTRL W ;Enable Forward Vector Rotation 

t****+**************************************** 

• Initialize and Start ADMC201 PWM ** 
k * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

MOVW #$01C7, PWMTM 

LDD 
STD 
STD 
STD 

#$00E3 
PWMCHA 
PWMCHB 
PWMCHC 

Set the PWM Master Switching Period 
$01C7 17.58 KHZ 
$0320 = 10 KHz 
Load initial Duty Cycle 
Set the PWM For Ch A 
Set the PWM For Ch B 
Set the PWM For Ch C 

* * * * * 
* * * * 

Initialize Variables **** 
*************************** 
MQ-VW #$0000, Angle 
MOVW #$0000, Offset 
MOVW #$0001, EAngle 
MOVW #$0002, ID 
MOVW #$0003, IQ 

Initialize Angle 
Initialize Offset 
Initialize Electrical Angle 
Initialize ID 
Initialize IQ 

**************************** 
***• Initialize SCIl **** 

MOVW #$0034, SCIBDH 
MOVB #$0C , SC1CR2 

,-Setup Baud Rate $0034 = 9600 Baud Rate 
;Transmitter and Receiver Enable 

**************** *******************^ * * * * * * * * * * * * - < ********* 

Initialize SPI Interface 

**************************'* 
BSET DDRS, $E0 
MOVB #$00,SPOBR 
MOVB #%01010000,SPOCRl 
BSET DDRS, $80 
BSET PORTS, $80 

* * * * * * * • * * * * • * * • • * * • * * • * * • * * * 

Make SS, SCK and MOSI Outputs 
Select 4MHz for SPI Clock 
Enable SPI as Master, CPOL=0, CPHA=0, SS=0 
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* * * * * * * * * * * * * * * * * * * * * * * * * * * « * « t * , n , , ^ ^ ^ ^ j ^ ^ ^ ^ ^ _ ^ 

**** Initialize Port J and H to work with Encode 
********************************̂ ^̂ ^̂  

MOVB #$00, DDRH 
MOVB #$F0, DDRJ 
BCLR PORTJ, $10 

* BSET PORTJ, $20 

******** 
* *** 

* * * * * * * * * * * * * ^ k 

Make all Port H inputs 

Make lower nibble input and upper nibble output 
Unlatch encoder 
Set Direction 

**************************** 
**•* Initialize LCD *•** 
**************************** 

LDD 
JSR 
LDD 
JSR 
LDD 
JSR 

#$FE58 
Put2Char 
#$FE4B 
Put2Char 
#$FE54 
Put2Char 

Clear Screen 

Cursor Off 

Cursor Blink Off 

I r * * * * * * * * * * * * * * ^ *********** 
•*** Setup LCD Screen **** 
**** Unchanged LCD Characters *•** 

********** k * * * * * * * * * * * * * * * * * * * < 

LDD 
JSR 

LDX 
JSR 
LDD 
JSR 

LDX 
JSR 
LDD 
JSR 

LDX 
JSR 
LDD 
JSR 

LDX 
JSR 

#$FE48 
Put2Char 

#Textl 
PrnS 
#$ODOA 
Put2Char 

#Text2 
PrnS 
#$ODOA 
Put2Char 

#Text3 
PrnS 
#$0DOA 
Put2Char 

#Text4 
PrnS 

CLI 

,-Go To Top Left 

,-Load Start Address of Textl into X 
,-Call Print String Subroutine 
,-Print Carriage Return & Line Feed 

,-Load Start Address of Text2 into X 
,-Call Print String Subroutine 
,-Print Carriage Return & Line Feed 

,-Load Start Address of Text3 into X 
;Call Print String Subroutine 
;Print Carriage Return & Line Feed 

/Load Start Address of Text4 into X 
,-Call Print String Subroutine 

/Clear Interrupt Masking, Int Enabled 

* * * * ̂  
* * * * ̂  
* * ic * 1 

* * * * i 

Main: 

********************************** 
******* Main Program ** 
********************************** 
•**• Angle In Degrees ******** 

,****** 
i * * * * * * 

f * * * * * * 

LDD 
JSR 
LDD 
JSR 

#$FE47 
Put2Char 
#$1001 
Put2Char 

Go To Position 

column number,row number 

LDD 
LDY 
EMUL 
LDX 
EDIV 
XGDY 

JSR 

Angle 
#$0168 

#$OFFF 

Hex2Dec 

/Load Y with 360 
/Multiply (D) X (Y) -> Y:D 
/Load X 
/Divide (Y:D) / (X) -> Y 
/Exchange Accu D and Accu Y 

•Convert to Decimal Number 
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PSHB 
EXG 
JSR 
JSR 

PULB 
JSR 
JSR 

A,B 
Conv 

Put2Char 

Conv 
Put2Char 

/Push B to keep it for later 

/Call ASCII Code Conversion Subroutine 

Pull Character back from Stack 
Call ASCII Code Conversion Subroutine 

******** offset Angle In Degrees *' 
LDD ADCAUX 

******** 

JSR 
STD 

LDD 
JSR 
LDD 
JSR 

LDD 
LDY 
EMUL 
LDX 
EDIV 
XGDY 

JSR 
PSHB 
EXG 
JSR 
JSR 

PULB 
JSR 
JSR 

electrical 
LDD 
JSR 
LDD 
JSR 

LDD 

LDY 
EMUL 
LDX 
EDIV 
XGDY 

JSR 
PSHB 
EXG 
JSR 
JSR 

PULB 
JSR 
JSR 

TosCpl 
Offset 

#$FE47 
Put2Char 
#$0F02 
Put2Char 

Offset 
#$0168 

#$OFFF 

Hex2Dec 

A,B 
Conv 
Put2Char 

Conv 
Put2Char 

Angle ** 
#$FE47 
Put2Char 
#$1003 
Put2Char 

EAngle 

#$0168 

#$OFFF 

Hex2Dec 

A,B 
Conv 
Put2Char 

Conv 
Put2Char 

t * •* * * •*• 

Load Accu D with the result from ADC Ch. AUX 
Wiper of offset Setpoint Pot is connected to 
Auxl 

Main Resistor of Pot is connected to Vdd and Gnd 

/Call 2's Complement Subroutine 

Go To Position 

column number,row number 

Load Y with 360 
Multiply (D) X {Y) -> Y:D 
Load X 
Divide {Y:D) / (X) -> Y 
Exchange Accu D and Accu Y 

/Convert to Decimal Number 
/Push B to keep it for later 

/Call ASCII Code Conversion Subroutine 

Pull Character back from Stack 
Call ASCII Code Conversion Subroutine 

Go To Position 

column number,row number 

Load Y with 360 
Multiply (D) x (Y) -> Y:D 
Load X 
Divide {Y:D) / (X) -> Y 
Exchange Accu D and Accu Y 

/Push B to keep it for later 

•Call ASCII Code Conversion Subroutine 

/Pull Character back from Stack 
•Call ASCII Code Conversion Subroutine 
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******** ID ********** 
LDD 
JSR 
LDD 
JSR 

LDD 
LDD 
JSR 
JSR 
PSHB 
EXG 
JSR 
JSR 

PULB 
JSR 
JSR 

#$FE47 
Put2Char 
#$0404 
Put2Char 

ID 
Vcurr 
Mag 
Hex2Dec 

A,B 
Conv 
Put2Char 

Conv 
Put2Char 

/Go To Position 

/column number,row number 

/Select what to display on the LCD 

/Push B to keep it for later 

/Call ASCII Code Conversion Subroutine 

Pull Character back from Stack 
Call ASCII Code Conversion Subroutine 

******* JQ * * * * * 

LDD 
JSR 
LDD 
JSR 

LDD 
LDD 
JSR 
JSR 
PSHB 

EXG 
JSR 
JSR 

PULB 

JSR 
JSR 

* * * * * 
#$FE47 
Put2Char 
#$0E04 
Put2Char 

IQ 
Wcurr 
Mag 
Hex2Dec 

A,B 
Conv 
Put2Char 

Conv 
Put2Char 

Go To Position 

column number,row number 

/Select what to display on the LCD 

/Push B to keep it for later 

/Call ASCII Code Conversion Subroutine 

Pull Character back from Stack 
Call ASCII Code Conversion Subroutine 

LBRA Main /Back to Start 

************************************* 
* * * * * * * * * * * * * * * + * * * * * * * * * * * * * * * * * * * * * • 

Interrupt Service Routine For Vector 

************************************** 
****** 
****** 
Int: 

k * * * * * * * * * * * t * * * * * * * * * 

r * * * * * * * * * * * * * * * * * * * * 

r * * * * * * * * * * * * * * * * * * * * 

Rotation * 
r * * * * * * * * * * * * * * * * * * * * 

r * * * * * * * * * * * * * * * * * * * * 

Load Angle From Encoder ********** 
BSET 
LDAB 
LDAA 
ANDA 
BCLR 
STD 

PORTJ, 
PORTH 
PORTJ 
#$0F 
PORTJ, 
Angle 

******** Vector Rotation 
LDD SYSCTRL_R 

$10 

$10 

******** 

ANDA 
STD 

LDD 
ANDA 
STD 

#$FB 
SYSCTRL_W 

ADCV 
#$0F 
PHIP2_VQ 

Latch Encoder 
Load Lower Bit of Encoder Data Into Accu B 
Load Upper Bit of Encoder Data Into AccU A 
clear upper nibble of Accu A 
UnLatch encoder 
Store the Angle 

-Enable 2/3 mode Vector Rotation 

Load Result from Current Sensor V 
Limit to 12 Bit Data 
initialize DC Value for VD for Vector Rotation 
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STD 
LDD 
ANDA 
STD 
STD 

LDD 
LDY 
EMUL 

H360: CPD 
increment 

BLS 
SUED 
BRA 

L360a: ADDD 
CPD 

increment 
BLS 
SUED 

L360: STD 
STD 

Vcurr 
ADCW 
#$0F 
PHIP3 
Wcurr 

Angle 
#$0007 

#$OFFF 

L360a 
#$OFFF 
H360 
Offset 
#$OFFF 

L360 
#$OFFF 
EAngle 
RHO 

ADDD Angle 

Load Result from Current Sensor W 
Limit to 12 Bit Data 
Initialize DC Value for VQ for Vector Rotation 

/Angle To Be Used in Vector Rotation 

/Multiply (D) X (Y) -> Y:D 
/Check if D is higher then 360 deg after 

/Branch to L360 if < or 360 deg after increment 

/Add Offset to Angle 
/Check if D is higher then 360 deg after 

/Branch to L360 if < or 360 deg after increme 
/Subtract 360 deg from Accu D 

/Initiate reverse Vector Rotation 

/Angle To Be Used in Vector Rotation 

********* 
k * * * * * * * * * * < k * * * * * * * 

* Loop until Vector Rotation is Complete * 
************************************************ 
RotChk: LDD SYSSTAT /Load Accu D with System Status Reg 

ANDB #$10 /Mask out Bit 4 of SYSSTAT Register 
BEQ RotChk 

t * * * * * * * 

ChByte: 

DByte: 

MOVW ID_PHV1,ID 
MOVW IQ_PHV2,IQ 
ID->D/A 1 ********** 

BSET 
BCLR 

LDD 
JSR 
LSLD 
ANDB 
ANDA 

BCLR 
STAA 
BRCLR 

STAB 
BRCLR 
BSET 

PORTJ, %10000000 
PORTJ, %01000000 

ID 
Mag 

#%11111110 
#%00011111 

PORTS, $80 
SPODR 
SPOSR,$80, ChByte 

SPODR 
SPOSR,$80, DByte 
PORTS, $80 

Branch back to RotChk if Bit 4 not set 

/Store Results of the Vector Rotation 

/Select 1 DA Converter 

/Load D with data to be sent 

/Shift Data left 1 bit 
/Clear Lowest bit SO 
/Clear 3 higest bits C2,C1,C0 

/Send control command and first 5 bits of data 
/Loop until Byte has been send 

/Write Data Byte to SPI 
/Loop until Byte has been send 

******** IQ->D/A 2 **** 

BSET 
BCLR 

LDD 
JSR 
LSLD 
ANDB 

PORTJ, %01000000 
PORTJ, %10000000 

IQ 
Mag 

#%11111110 

•Select 2 DA Converter 

/Load D with data to be sent 

/Shift Data left 1 bit 
•Clear Lowest bit SO 
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ANDA #%00011111 

BCLR PORTS, $80 
STAA SPODR 

ChBy: BRCLR SPOSR,$80, ChBy 

STAB SPODR 
DBy: BRCLR SPOSR,$80, DBy 

BSET PORTS, $80 

/Clear 3 higest bits C2,C1,C0 

/Send control command and first bit of data 
/Loop until Byte has been send 

/Write Data Byte to SPI 
/Loop until Byte has been send 

BSET 
RTI 

TFLGl,$10 /Clear Interrupt Flag 
/Return from Interrupt 

***** 
**** 
***** 
PrnS: 

r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Print a Character String located at X **** 
r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Print: 

LDAB 
CMPB 
BNE 
RTS 
JSR 
I NX 
BRA 

0,X 
#$04 
Print 

PutChar 

PrnS 

Load ASCII Code for Character into Accu B 
Check if End of Message Character 
Branch to Print OutHEX Section if End of Message 

Call PutChar Subroutine 
Increment X to point to next Character 
Get next Character 

* Set up ASCII Text Bytes in Memory * 
************************************* 
Textl: FCC 'Encoder Angle;' 

FCB $04 /End of Message Byte 

Text2: 

Text3: 

Text4: 

FCC 
FCB 

FCC 
FCB 

FCC 
FCB 

'Offset Angle:' 
$04 

'Electrical Ang 
$04 

'ID: IQ:' 
$04 

/End of Message Byte 

/End of Message Byte 

/End of Message Byte 

k * * * * * * * * * * 

•Subroutine to 
*Hex Code Input 
*************** 
Hex2Dec: PSHX 

PSHY 
LDX 
LDY 
JSR 
JSR 
JSR 
JSR 
TFR 
PULY 
PULX 
RTS 

*************************** 
* 1st digit 

*************************** 

Convert HEX code to Decimal* 
& Decimal Output in Accu B* 
. * * * • * * * * * * * * * * * * * * • * * * • * * * 

, rescue X onto stack 
rescue Y onto stack 

#$0000 
#$0000 
H2D1ST 
H2D2ND 
H2D3RD 
H2D4TH 
Y,D 

clear X 
clear Y 
compute first digit 
compute second digit 
compute third digit 
compute fourth digit 
transfer result to D 
restore Y 
restore X 
return to calling program 

, , * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * ' 

****************** ̂  *********** 
H2D1ST: PSHD 

CLRA 
ANDB 
BEQ 

#$0F 
H2D1STR 

store D on stack 
set high byte of D to 0 
mask out high nibble of B 
end subroutine of 1st digit is zero 

227 



H2D1STC: 

H2D1STR: 

TFR 
LDD 
JSR 
DEX 
BNE 
PULD 
RTS 

D,X 
#$0001 
ADDDec 

H2D1STC 

X serves as counter of how often 
D has to be added to Y 
perform the addition 
decrease X 
do it again if x>0 
restore D 
return to calling program 

**************** t * * * * * * * * < 
*************̂  ************ * 2nd di git 

*************** 
H2D2ND: 

H2D2NDC: 

H2D2NDR: 

PSHD 
CLRA 
ANDB 
LSRB 
LSRB 
LSRB 
LSRB 
BEQ 
TFR 
LDD 
JSR 
DEX 
BNE 
PULD 
RTS 

*************** 
* 3rd di git 

*************** 
H2D3RD: 

H2D3RDC 

H2D3RDR 

******** 

PSHD 
CLRB 
EXG 
ANDB 
BEQ 
TFR 
LDD 
JSR 
DEX 
BNE 
PULD 
RTS 

******* 
* 4th digit 

******** 
H2D4TH: 

H2D4THC 

H2D4THR 

******* 
PSHD 
CLRB 
EXG 
ANDB 
LSRB 
LSRB 
LSRB 
LSRB 
BEQ 
TFR 
LDD 
JSR 
DEX 
BNE 
PULD 
RTS 

************̂  

#$F0 

H2D2NDR 
D,X 
#$0016 
ADDDec 

H2D2NDC 

************ 

************ 

A,B 
#$0F 
H2D3RDR 
D,X 
#$0256 
ADDDec 

H2D3RDC 

************* 

************ 

A,B 
#$F0 

H2D4THR 
D,X 
#$4096 
ADDDec 

H2D4THC 

^ ' * * * * * * * * * * * * * * * * * * * * ^ , ^ , . J , . ^ ^ ^ ^ ^ ^ ^ 

Store D on stack 
set high byte of D to 0 
mask out low nibble of B 
devide B by 16 to 
compute the number of times 
16 has to be added to Y 

end subroutine if 2nd digit is zero 
X serves as counter of how often 
D (=16) hasto be added to Y 
perform the addition 
decrease X 
do it again if X>0 
restore D 
return to calling program 

h * * * * * * * * * * ********* 

*************** ****************************** 
Store D on stack 
set low byte of D to 0 
load B with high byte of addend 
mask out high nibble of addend 
end subroutine if 3rd digit is zero 
X serves as counter of how ofter 
d (=256) has to be added to Y 
perform addition 
decrease X 
do it again of X>0 
restore D 
return to calling program 

k * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

store D on stack 
set low byte of D to 0 
load B with high byte of addend 
mask out low nibble of addend 
devide B by 16 to 
compute the number of times 
4096 has to be added to Y 

end subroutine of 4th digit is zero 
X serves as counter of how often 
d (=4096) has to be added to Y 
perform addition 
decrease X 
do it again if X>0 
restore D 
return to calling program 
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it*****ir*****ifk***-k*irir-kifk-ki,i,.f, 

* Subroutine: 
* Input: 

* 
* 
* Output 

Y 
D 

* Y 
* all numbers 

ADDDec 

16bit Number 
16bit Number 

16bit result of decimal 
in decimal 

***************************^^^^^^^^^^ 
ADDDec: PSHX 

ADDDecC: 

ADDDecD: 

PSHA 
PSHB 
LDX 
TFR 
EXG 
PULB 
PSHB 
ABA 
DAA 
BCC 
I NX 
PSHA 
TFR 
LDAB 
ABA 
DAA 
CPX 
BEQ 
LDAB 
ABA 
DAA 
PULB 
TFR 
PULB 
PULA 
PULX 
RTS 

#$0000 
Y,D 
A,B 

ADDDecC 

Y,D 
$02,SP 

#$0000 
ADDDecD 
#$01 

D,Y 

* * * * * * * * * * * * * * * * * * * * » » 4 . ^ . ^ ^ 
* * * • • • * * * * * * * * 

addition Y = Y+D 

'**********************,,,,^^^^ 
rescue x onto Stack 
rescue A onto Stack 
rescue B onto Stack 
clear X, serves a carry counter 
load D with the number to add to 
swap A & B since DAA just works with A 
pull the # to add into B 
and store it back 
add B to A 
decimal adjust the sum 
Branch if no carry was detected 
else increase the carry counter by 1 
rescue the addition result onto stack 
reload D with org. number 
load high byte of the addend into B 
add high byte of addend to high byte of org # 
and decimal adjust the sum 
if no carry over was detected 
branch to ADDDECD else... 
load B with 1 
and add it to A 
and decimal adjust the sum 
pull former result into low byte of result 
store addition result in Y 
restore B 
restore A 
restore X 
and return to calling program 

******* t * * * * * * * 

************** 
* Subroutine for Updating COP * 
* * * * * * * * * * * * * * * * * * * * * * * * . t , ^ , ^ ^ _ ^ ^ ^ ^ ^ 

COP: MOVB 
MOVB 
RTS 

#$55,COPRST 
#$AA,COPRST 

/Initiate COP Service 
/Finish COP Service 

****************************.^.^^^^ 
ASCII Conversion Subroutine * 

2 Chars in B -> Result in D * 
* * * * * * * * * * * * * * * * * * * * * * * * * . j ^ ^ ^ . ^ . j ^ ^ ^ ^ 

Conv: TBA 
ANDB #$0F 
LSRA 
LSRA 
LSRA 
LSRA 
JSR Conv2 
EXG A,B 
JSR Conv2 
EXG A,B 
RTS 

Cancel high Nibble of B 
Logical Shift Right Accu A into low Nibble position 
Logical Shift Right Accu A into low Nibble position 
Logical Shift Right Accu A into low Nibble position 
Logical Shift Right Accu A into low Nibble position 
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******** 
* ASCI 

********* 
Conv2: 

H09: 

*********: 
* Put 2 
* * * * * * * * * • ; 

Put2Char; 

*********** ''******** 
I Conversion Subroutine 

• * * * * * * * * * * * * * * * * * * ^ ^ 

******* 
CMPB 
BLS 
ADDB 
ADDB 
RTS 

#$09 
H09 
#$07 
#$30 

/Check if value i s 0-9 or A-F 

''A^r^n,'^ "̂"̂ "̂  °'' ^^"^ ̂ ^^"i"9 0-9 range 
.-Add $07 to ACCU B to get ASCII code for A 
/Add $30 to Accu B to get ASCII code for 0-9 
Return from Conversion Subroutine 

*****************************^^^^^^^^^^^^ 
Characters on the LCD from Accu D 

******** ***********************.,^^^^^^^^^^ 
EXG A,B 
JSR PutChar 
EXG A,B 
JSR PutChar 
RTS 

************************************ ***,^^^^^^^^^^^^^ 
•• Put Character on the LCD from Accu B * 

************** ****************** 
PutChar: 

PutChar2. 

PSHD 
LDD 
CLRA 
ORAB 
STD 
JSR 

PULD 
BRCLR 
STAB 

PSHD 
LDD 
CLRA 
ANDB 
STD 
PULD 

********************* 

PIODATA R 

#%00000010 
PIODATA W 
COP 

SCISRI,$80,PutChar2 
SCIDRL 

PIODATA_R 

#%00111101 
PIODATA W 

/Jump to Time COP Subroutine 

RTS 

************ ************ ************ 
Subroutine for Normalizing PWM Channel data 
Input 12 Bit value in D, Output (Input/5) in D 

***************** 
Norm: JSR 

LDX 
IDIV 
XGDX 
RTS 

.******.* 
TosCpl 
#$0009 

l r * * * * * * * * * * * * 

Call 2's Complement Subroutine 
Load X with Divisor (9) 
D / X -> X, Remainder -:> D 
Exchange D and X 
Return from Subroutine 

************** ************* 
k * * * * * * * * * * * * * * * * * * * * * * 

************ 

Subroutine for 2's Complement Conversion * 
Input 12 Bit signed value in D 
Output 12 Bit Mag in D Relative to Absolute Zero * 

************************************** 
/Mask out highest 4 Bits/ Result is a 12 bit 

/Shifting the Number 
•Check if the Number is a 2's Complement Number 

TosCpl: 
value 

ANDA 

ADDD 
CPD 

#$0F 

#$0800 
#$1000 
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NEG: 

BHS 
RTS 

ANDA 
RTS 

NEG 

#$0F 

;If it is then Branch to NEG 
/Return from Subroutine 

/Mask out highest 4 Bits 
/Return from Subroutine 

********* 

********* 
Mag: 

NEGa: 

'*******************************,^,,,,^^^^^^^^^^^^^^ 
Subroutine for 2's Complement Conversion 
Input 12 Bit signed value in D * 
Output 11 Bit Mag in D Relative to Ref Voltage 

''**********************************^^,,^^^^^^^^^^^^^^ 
™ J^°300 '"̂ "̂̂  °"t highest 4 Bits/ Result is 12 bit value 

BLO POSb 

POSb: 

ORAA #$F0 
COMA 
COMB 
ADDD #$0001 
RTS 

RTS 

/Sign Extend to 16 Bit 

/Return from Subroutine 

/Return from Subroutine 

ORG $0800 /Origin=Bottom of Int RAM 

* PI 

******** 
IQ: 
ID: 
Offset: 
EAngle: 
Angle: 
Vcurr: 
Wcurr: 

ace fo 

****** 
RMB 
RMB 
RMB 
RMB 
RMB 
RMB 
RMB 

******************************* 
r Variables in Memory * 

***************************** 
Reserve 2 Bytes of Memory 
Reserve 2 Bytes of Memory 
Reserve 2 Bytes of Memory for The Angle Offset 
Reserve 2 Bytes of Memory for The Electrical Angle 
Reserve 2 Bytes of Memory for Angle 
Reserve 2 Bytes of Memory 
Reserve 2 Bytes of Memory 
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APPENDIX H 

MOTOROLA 9S12 ASSEMBLY CODE 
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* * * * * * * * * * * * * * * * * * * . # ^ , *************̂ ^ tr * * * * * * ir Iri 

Test-Program for Software based Vector Rotation* 
* Written for Axiom (http://www axman r-o™i rZZ Rotation 

P-//www.axman.com) CMD912SDP256B1 Eval 
..- .1 - u ^'"^ "°''"'' "liable Utility Routines 

* . •'^--^^lor.th^ is using the highest Numerical Precision 
* The Sine Lookup Table has 12 Bits of Angular Resolution 0 96, 

written by Dr. Michael Giesselmann and Brent McHale 

- Board* 

Values* 

* * * * * * * * * * * * * * * i 

***************! 
*COREBase EQU 
* * * * * * * * * * * * * * * i 

March 13, 2003 
•'*****************^,^,^^^. 

* * * * * * * * * i 

'***********************,****,^^,^^^^^^^^^ 
$00 /Base Address for CORE Block 

.**********************̂ ^̂ ^̂ _̂  

I r * * * * * * * * ^ , 

(COREBase) 

PORTA 

PORTB 

DDRA 

DDRB 

PORTE 

DDRE 

PEAR 

MODE 

PUCR 

RDRIV 

EBICTL 

INITRM 

INITRG 

INITEE 

MISC 

MTSTO 

ITCR 

ITEST 

MTSTl 

PARTIDH 

PARTIDL 

MEMSIZO 

MEMSIZl 

INTCR 

HPRIO 

BKPCTO 

BKPCTl 

BKPOX 

BKPOH 

BKPOL 

BKPIX 

BKPIH 

BKPIL 

PPAGE 

PORTK 

DDRK 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

EQU 

$00 

$01 

$02 

$03 

$08 

$09 

$0A 

$0B 

$0C 

$0D 

$0E 

$10 

$11 
$12 

$13 

$14 

$15 

$16 

$17 

$1A 

$1B 

$1C 

$1D 

$1E 

$1F 

$28 

$29 

$2A 

$2B 

$2C 

$2D 

$2E 

$2F 

$30 

$32 

$33 

Port A I/O Data 
Port B I/O Data 
Port A Data Direction 
Port B Data Direction 

Port E I/O Data 
Port E Data Direction 
Port E Assignment 
Mode {Single, Expanded etc.) 
Pull-Up Control 
Reduced Drive of I/O Lines 
External Bus Interface Control 

Initialization of Internal RAM Position (INITRM) 
Initialization of Internal Register Position (INITRG) 
Initialization of Internal EEPROM Position (INITEE) 
Miscellaneous Mapping Control Register (MISC) 

Register 
Register 

Register 
Register 

Register 
Register 

Register 

Register 
Register 

Register 

(PORTA) 
(PORTB) 
(DDRA) 
(DDRB) 

(PORTE) 
(DDRE) 
(PEAR) 

(MODE) 

(PUCR) 
(RDRIV) 
(EBICTL) 

Interrupt Test Control 
Interrupt Test 

Register 
Register 

Device ID Mask: 0K36N $12,$56 Register High 
Device ID Mask: 0K79X $00,$10 Register Low 
Memory Configuration Register 0 
Memory Configuration Register 1 
Interrupt Control Register 
Highest Priority I Interrupt Register 

Breakpoint Control Register 0 
Breakpoint Control Register 1 
First Address Memory Expansion Breakpoint Reg. 
First Address High Byte Breakpoint Reg. 
First Address Low Byte Breakpoint Reg. 

(ITCR) 
(ITEST) 

(PARTIDH) 
(PARTIDL) 
(MEMSIZQ) 
(MEMSIZl) 
(INTCR) 
(HPRIO) 

(BKPCTO) 
(BKPCTl) 
(BKPOX) 
(BKPOH) 
(BKPOL) 

Second Address Memory Expansion Breakpoint Reg.(BKPIX) 
Data {2'nd Address) High Byte Breakpoint Reg. (BKPIH) 
Data {2'nd Address) Low Byte Breakpoint Reg. (BKPIL) 
Page Index Register (PPAGE) 

/Port K I/O Data 
/Port K Data Direction 

Register (PORTK) 
Register (DDRK) 
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********* 
CRGBase 

********* 
SYNR 
REFDV 
RTICTL 
COPCTL 
FORBYP 
CTCTL 
ARMCOP 
********* 
PWMBase 

********* 
PWME 
PWMPOL 
PWMCLK 
PWMPRCLK 
PWMCAE 
PWMCTL 
PWMTST 
PWMPRSC 
PWMSCLA 
PWMSCLB 
PWMSCNTA 
PWMSCNTB 
PWMCNTO 
PWMCNTl 
PWMCNT2 
PWMCNT3 
PWMCNT4 
PWMCNT5 
PWMCNT6 
PWMCNT7 
PWMPERO 
PWMPERl 
PWMPER2 
PWMPER3 
PWMPER4 
PWMPER5 
PWMPER6 
PWMPER7 
PWMDTYO 
PWMDTYl 
PWMDTY2 
PWMDTY3 
PWMDTY4 
PWMDTY5 
PWMDTY6 
PWMDTY7 
PWMSDN 
********* 
SCIOBase 

********* 
SCIOBDH 
SCIOBDL 
SCIOCRl 
SCI0CR2 
SCIOSRl 
SCI0SR2 
SCIODRH 
SCIODRL 
FCLKDIV 
ECLKDIV 

**********! 
EQU 
****** 

******** 
$34 

*****•k1,1,^,^, 

*******-k*ic-k-k-k* 

$34 
$35 
$3B 
$3C 
$3D 
$3E 
$3F 

************** 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
* * * * * 
EQU $0 0A0 

******************** 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

$A0 
$A1 
$A2 
$A3 
$A4 
$A5 
$A6 
$A7 
$A8 
$A9 
$AA 
$AB 
$AC 
$AD 
$AE 
$AF 
$B0 
$B1 
$B2 
$B3 
$B4 
$B5 
$B6 
$B7 
$B8 
$B9 
$BA 
$BB 
$BC 
$BD 
$BE 
$BF 
$C0 
$C1 
$C2 
$C3 
$C4 

********* 

^***************^ 
/Base Address for Clocks and 

'*******************^*,^^,^^^^^, 
CRG Synthesizer 
CRG Reference Divider 
CRG RTI Control 
CRG COP Control 
CRG Force and Bypass Test 
CRG Test Control 
CRG COP Timer Arm/Reset 

*********************,̂ ^̂ ^̂ ^̂  
/Base Address for PWM Block 

***********************^,^^^^^, 
PWM Enable 
PWM Polarity 
PWM Clock Select 
PWM Prescale Clock Select 
PWM Center Align Enable 
PWM Control 
PWM Test 
PWM Prescale Counter 
PWM Scale A 

******** 

PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 
PWM 

Scale B 
Scale A 
Scale B 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 
Channel 

0 
1 
2 
3 
4 
5 
6 
7 
0 
1 
2 
3 
4 
5 
6 
7 
0 
1 
2 
3 
4 

Counter 
Counter 
Counter 
Counter 
Counter 
Counter 
Counter 
Counter 
Counter 
Counter 
Period 
Period 
Period 
Period 
Period 
Period 
Period 
Period 
Duty Cycle 
Duty Cycle 
Duty Cycle 
Duty Cycle 
Duty Cycle 

PWM Channel 5 Duty Cycle 
PWM Channel 6 Duty Cycle 
PWM Channel 7 Duty Cycle 
PWM Emergency Shutdown 

********** ******** 
EQU $C8 

r * * * * * * * * * * * * * * * * 

EQU $C8 
EQU $C9 
EQU $CA 
EQU $CB 
EQU $CC 
EQU $CD 
EQU $CE 
EQU $CF 
EQU $100 
EQU $110 

/Base Address for SCIO Block 

**************** 
SCIO Baud Rate 
SCIO Baud Rate 
SCIO Control 
SCIO Control 
SCIO Status 
SCIO Status 
SCIO Data 
SCIO Data 
Flash Control 
EEProm Control 

******** 

Reset Generator 

********* **********.n 

Register 
Register 
Register 
Register 
Register 
Register 
Register 

********************* 

********** 

Register 
Register 

Register 
Register 

********** 

*********** 
Register 
Register 
(PWMCLK) 
(PWMPRCLK) 
Register 
Register 
Register 
Register 
Register 
Register 
(PWMSCNTA) 
(PWMSCNTB) 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 

*********** 
(SCIOBase) 

********************* 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 
Register 

High 
Low 
1 
2 
1 
2 
High 
Low 
(FCLKDIV) 
(ECLKDIV) 

(CRGBase) 
********* 
(SYNR) 
(PLLCTL) 
(RTICTL) 
(COPCTL) 
(FORBYP) 
(CTCTL) 
(ARMCOP) 
********. 
(PWMBase) 
********* 
(PWME) 
(PWMPOL) 

(PWMCAE) 
(PWMCTL) 
(PWMTST) 
(PWMPRSC) 
(PWMSCLA) 
(PWMSCLB) 

(PWMCNTO) 
(PWMCNTl) 
(PWMCNT2) 
(PWMCNT3) 
(PWMCNT4) 
(PWMCNT5) 
(PWMCNT6) 
(PWMCNT7) 
(PWMPERO) 
(PWMPERl) 
(PWMPER2) 
{PWMPER3) 
(PWMPER4) 
(PWMPER5) 
(PWMPER6) 
{PWMPER7) 
(PWMDTYO) 
(PWMDTYl) 
(PWMDTY2) 
(PWMDTY3) 
{PWMDTY4) 
(PWMDTY5) 
(PWMDTY6) 
(PWMDTY7) 
(PWMSDN) 

* * * 

* * * 
(SCIOBDH) 
(SCIOBDL) 
(SCIOCRl) 
(SCI0CR2) 
(SCIOSRl) 
(SCI0SR2) 
(SCIODRH) 
(SCIODRL) 
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8000000 

********************»********^^^^^^^^ 

• Register Constants (Clock) * 
******************************̂ ^̂ ^̂ ^̂  
OscClk EQU 
Eclock EQU 
RefClock EQU 

REFDWal EQU 
SYNRVal EQU 

#IF 
FCLKDIWal EQU 

#ELSE 
FCLKDI'Wal: EQU 

#ENDIF 
SCIBRegVal. EQU 

IIZIT '•' "''̂  "̂ "̂ =̂ 1̂ oscillator 
24000000 /8 MHZ P.. H-clock frequency 

,-8 MHz Reference clock frequency used by PLL 

(OscClk/RefClock) -l 
(Eclock/RefClock)-1 
OscClk=.12800000 
(OscClk/200000/8)+$40 

(OscClk/200000) 

Eclock/16/9600 

/Value for FCLKDIV & ECLKDIV register. 

/Value for FCLKDIV i ECLKDIV register. 

/Baud Register Value (9600 baud) 

******* 
* Start 
********** 

********** 
(ORIGIN) 
******! 

******************* 
of Code in Memory * 
******************* 

ORG $C000 /Origin=Bottom of On-Chip Flash Memory 

t * * * * * * * * * * ******* 
******* Initial! 

****** 

***************** 
ze the Processor ********* 

** ** ********************** 

Speed: 

MOVB 
MO'VB 
MOVB 

LDS 
CLR 
MOVB 
MOVB 

MO-VW 
MO'VB 

MOVB 

MOVB 
LDAA 
BITA 
BEQ 
MOVB 
MQ-VW 

MOVB 

JSR 

#$0C, 
#$E0, 
#$0F, 

PEAR 
MODE 
MISC 

#$3FFE 
COPCTL 
#FCLKDIWal, 
#FCLKDIWal, 

#SCIBRegVal,SCIOBDH 
#$0C, SCI0CR2 

LSTRE (Low Strobe) , RDWE (Read/Write) enabled. 
MODE: MODC MODE MODA 0 IVIS 0 EMK EME 
Ext. E-Clock Stretch=3, Flash $4000-S7FFF 

disabled. Flash On. 
Load the Stackpointer 
Turn the Watchdog Timer off 

ECLKDIV /EEPROM Control 
FCLKDIV /FDIVLD PRDIV8 FDIV5 FDIV4 FDIV3 FDIV2 

FDIVl FDIVO/ 
FCLK CLK / (FDIV[5:01 + 1) 
ISOKHz < FCLK <= 200KHZ 

/Select 9600 Baud for 8 MHz clock on COM_0 
/Turn on Transmitter & Receiver for COM 0 

#REFD-Wal, 

#SYNRVal, SYNR 
CRGFLG 
#$08 
Speed 
#$80, 
#SCIBRegVal, 

#$0C, 

REFDV /Load Reference Divider Register 
/to select PLL E-Clock 

/Load Synthesizer Register to select PLL E-Clock 
Flags Register 
Check Flag 
Branch to "Speed" if zero 

CLKSEL /Select PPL as Clock Source 
SCIOBDH /Select 9600 Baud for 8 MHz 

/clock on COM_0 
SCI0CR2 /Turn on Transmitter & Receiver for COM_0 

/Print Startup Message 

*************** 
****** * Initialize the PWM Control *** 

********* ******** ******** 
PWMini: MOVB 

MOVB 

MO'VB 

MOVB 

MOVB 

MOVB 

MOVB 

MOVB 

#$FF, 

#$FF, 

#$FF, 

#$FF, 

#$FF, 

#$FF, 

#$FF, 

#$FF, 

PWMPERO 

PWMPERl 
PWMPER2 

PWMPER3 

PWMPER4 

PWMPER5 

PWMPER6 

PWMPER7 

Set 

Set 

Set 

Set 

Set 

Set 

Set 

Set 

Period 

Period 

Period 

Period 

Period 

Period 

Period 

Period 

for 

for 

for 

for 

for 
for 

for 

for 

Channel 

Channel 

Channel 

Channel 

Channel 
Channel 

Channel 

Channel 

0 

1 

2 

3 
4 

5 

6 
7 

to 

to 

to 

to 
to 

to 

to 

to 

$FF 

$FF 
$FF 

$FF 

$FF 

$FF 

$FF 

$FF 
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MOVB #$10, 
MOVB #$30, 
MOVB #$50, 
MOVB #$7 0, 
MOVB #$90, 
MOVB #$A0, 
MOVB #$C0, 
MOVB #$E0, 

BSET PWMPOL, 

BCLR PWMCLK, 

BCLR PWMPRCLK, $77 
BSET PWME, 

********************************* 

****** Initialize the Variables 

********************************* 
MO'VW 
MOVW 
MO'VW 

MOVW 
MOVW 

MOVW 
MOVW 

#$0000, 
#$0000, 
#$0000, 

#$7FFF, 
#$7FFF, 

#$0000, 
#$0000, 

PWMDTYO 
PWMDTYl 
PWMDTY2 
PWMDTY3 
PWMDTY4 
PWMDTY5 
PWMDTY6 
PWMDTY7 

$FF 

$FF 

$FF 

******* 
******* 
******* 

Angle 
Buffer 
Buffer+2 

DInput 
Qlnput 

DOutput 
QOutput 

Set Duty 
Set Duty 
Set Duty 
Set Duty 
Set Duty 
Set Duty 
Set Duty 
Set Duty 

Cycle 
Cycle 
Cycle 
Cycle 
Cycle 
Cycle 
Cycle 
Cycle 

for Channel 
for Channel 
for Channel 
for Channel 
for Channel 
for Channel 
for Channel 
for Channel 

to $10 
to $30 
to $50 
to $70 
to $90 
to $A0 
to $C0 
to $E0 

/Set Polarity for Channels 0-7 to 
/ Positive 

/Select Clock A for Channels 0,1,4,5/ 
/Clock B for Channels 2,3,6, 

/Use full bus speed for Clocks A & B 
/Enable PWM for Channels 0-7 

Clear Rotation Angle 
Clear Buffer 
Clear Buffer 

/Set 
/Set 

D Input Component 
Q Input Component 

/Clear D Output Location 
/Clear Q Output Location 

*********************** **************** 

DOut 

****** 
CalcD: 

Din * 

****** 
LDD 
JSR 
LSLD 
LDX 
LDD 
LDY 
EMULS 
STY 
STD 

Calculate D-Component 
Cos(Angle) + Qln * Sin(Angle) 
********************************* 

Angle 
PCosine 

#Sin 
D,X 
DInput 

Buffer 
Buffer+2 

Load Rotation Angle into Accu D 
Adjust Angle for +Cos 
Logical Shift Left to account for 12 Bit Table Values 
Load Start of Lookup Table into X 
Load Cos(Angle) into Accu D 
Load D Input into Y 
16-Bit Signed Multiplication (D) * (Y) => Y D 
Store the High Order of the Result to Buffer 
Store the Low Order of the Result to Buffer 

LDD 
LSLD 
LDX 
LEAX 
LDY 
LEAY 
EMACS 

MOVW 

Angle 

#Sin 
D,X 
#QInput 
0,Y 
Buffer 

Load Rotation Angle into Accu D 
Logical Shift Left to account for 12 Bit Table Values 
Load Start of Lookup Table into X 
Load Pointer to Sin(Angle) into X 
Load Y with Address for Q-Input 
Load Pointer to Q-Input into Y 
16-Bit Signed Multiply & Accumulate 
M(X) :M(X+1) * M(Y) ;M(Y+1) + M M+3 => M - M+3 

Buffer, DOutput /Move Result to DOutput Variable 
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**************** 
* 
* QOut = -Din * 
* * * * • * * * * * * - » * * * * 

CalcQ: LDD 
JSR 
LSLD 
LDX 
LDD 
LDY 
EMULS 
STY 
STD 
LDD 
JSR 
LSLD 
LDX 
LEAX 
LDY 
LEAY 
EMACS 

MOVW 

******** ************ ********** 
Calculate Q-Component 
Sin(Angle) + Qln * Cos(Angle) 

Angle 
NSine 

#Sin 
D,X 
DInput 

Buffer 
Buffer+2 
Angle 
PCosine 

#Sin 
D,X 
#QInput 
0,Y 
Buffer 

12 Bit Table Values 

(Y) 

*************************, 
Load Rotation Angle into Accu D 
Adjust Angle for -Sin 
Logical Shift Left to account for 
Load Start of Lookup Table into X 
Load -Sin(Angle) into Accu D 
Load D Input into Y 
16-Bit Signed Multiplication/ (D) 
Store the High Order of the Result to Buffer 
Store the Low Order of the Result to Buffer 
Load Rotation Angle into Accu D 
Adjust Angle for +Cos 
Logical Shift Left to account for 12 Bit Table Values 
Load Start of Lookup Table into X 
Load Pointer to Cos(Angle) into X 
Load Y with Address for Q-Input 
Load Pointer to Q-Input into Y 
16-Bit Signed Multiply & Accumulate 

/ M(X):M(X+1) * M(Y);M(Y+1) M M+3 => M M+3 
Buffer, QOutput /Move Result to DOutput Variable 

************************************************** 
* Adjust PWM Duty Cycle * 

********************** ******** 
Phase A 

Phase B 

/Phase C 

********* 

LDD 
ADDA 
STA 

LDD 
LDX 
IDIVS 
STX 

LDD 
LDY 
EMULS 
LDX 

EDIVS 
TFR 
ADDD 
ADDA 
STA 

LDD 
LDX 
IDIVS 
STX 

LDD 
LDY 
EMULS 

EDIVS 
TFR 
ADDD 
ADDA 
STA 

********** 

DOutput 
#$80 
PWMDTYO 

DOutput 
#$FFFE 

Buffer 

QOutput 
#$35CF 

#$C1DE 

Y,D 
Buffer 
#$80 
PWMDTYl 

DOutput 
#$FFFE 

Buffer 

QOutput 
#$35CF 

LDX 

Y,D 
Buffer 
#$80 
PWMDTY2 

#$3E22 

/2's Complement the number by shifting it 
/Store DOutput to Duty Ch 0 

/Load X with -2 
/Divide DOutput by -2 

/Load Y with 13,775 Decimal 
/Multiply QOutput By 13775 
/Load X with -15,906 Decimal 

/13775/15906=.86602=approx sqrt(3)/2 

/Divide Y:D/X -> Y 

/Add results stored above to D 
;2's Complement the number by shifting it 
/Store QOutput to Duty Ch 1 

/Load X with -2 
•Divide DOutput by 

/Load Y with 13,775 Decimal 
•Multiply QOutput By 13775 

/Load X with 15,906 Decimal 
/13775/15906=.86602=approx sqrt(3)/^ 

/Divide Y:D/X -> Y 

•Add results stored above to D 
•.2 3 complement the number by shifting it 
;Store QOutput to Duty Ch 2 
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i*********-*******************************^^^^ 

* Adjust Angle and Loop Around 
******************* *̂***********̂  

L360: 

LDD 
ADDD 
CPD 
BLS 
SUED 
STD 

Angle 
#$000B 
#$OFFF 
L360 
#$OFFF 
Angle 

LBRA CalcD 

*************** 
/Load Angle into ACCU D 
/Add approx. l.o Degree 
;Compare Accu D with 3 5 9.9 degrees 

•Subtrtt°,^n'! '' ' °" ' " ^^9 ^'^^^ increment ,Subtract 360 deg from Accu D 
/Store D back to Angle 

************** 
* Subroutine to Adjust Angle for Positive Cosine * 
* Angle is 12-Bit unsigned Number, Right-Aligned* 
* Accu D contains the Argument and the Result • 
* Valid Range for Angle is $000-$FFF, 0-360 deg * 
* If Result is greater than $FFF,$1000 is subtr. * 

**************** 
sine: 

60PC: 

CLC 
ADDD 
CPD 
BLS 
SUED 
RTS 

#$0400 
#$OFFF 
LT360PC 
#$1000 

Clear Carry Bit 
Add 90 Degrees 
Compare Accu D with 359.9 degrees 
Branch if less or same than 3 5 9.9 deg. 
Subtract 360 degrees from Accu D 
Return from Subroutine 

I t * * * * * * * * * * * * * * * * *********** ******************** 
* Subroutine to Adjust Angle for Negative Sine * 
* Angle is 12-Bit unsigned Number, Right-Aligned * 
* Accu D contains the Argument and the Result * 
* Valid Range for Angle is $000-$FFF, 0-360 deg * 
* If Result is greater than $FFF,$1000 is subtr. * 
************************************************** 
NSine: 

LT3 6 0NS: 

CLC 
ADDD 
CPD 
BLS 
SUED 
RTS 

************** 
********** 
************** 
Mess: 
Next: 

LDX 
LDAB 

#$0800 
#$0FFF 
LT3 6 0NS 
#$1000 

Clear Carry Bit 
Add 180 Degrees 
Compare Accu D with 359.9 degrees 
Branch if less or same than 359.9 
Subtract 360 degrees from Accu D 
Return from Subroutine 

r***************< ****** ************ 
Print Text Message *********** 
************************************ 

deg. 

Print: 

CRLF: 

CMPB 
BEQ 
BSR 
I NX 
BRA 
LDAB 
JSR 
LDAB 
JSR 
RTS 

#Text 
0,X 
#$04 
CRLF 
PutChar 

Next 
#$0D 
PutChar 
#$0A 
PutChar 

Load Start Address of Text into X 
Load ASCII Code for Character into Accu B 
Check if End of Message Character 
Branch to Print CRLF if End of Message 
Call PutChar Subroutine 
Increment X to point to next Character 
Get next Character 

CR 
Call PutChar Subroutine 
LF 
Call PutChar Subroutine 
Return from Subroutine 

************************************************** 
* Put Char to Screen (RS-232 Port) from Accu B * 
************************************************** 
PutChar: BRCLR SCIOSRl,$80, PutChar 

STAB SCIODRL 
p,,p3 /Return from Subroutine 
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, • * * * * * r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

* Set up ASCII Text Bytes in Memory * 

********************************* 
'Auto-Start from Flash EEPROM with 24 MHz! 

*** 
Text 

FCC 

FCB $04 /End of Message Byte 

ORG 

*********** 
$1000 

t * * * * * * * * * * * * * * * * - * 

Reserve Memory Space in RAM 

l r * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

Angle: 

DInput: 

Qlnput: 

DOutput -. 

QOutput: 

Buffer: 

#lnclude 

RMB 

RMB 
RMB 
RMB 
RMB 
RMB 

"12 Bit 

2 

2 
2 
2 
2 
4 

ORG 
Sin.asm 

Reserve 2 Memory Bytes for Rotation Angle 

Reserve 2 Memory Bytes for D-Component Input 

Reserve 2 Memory Bytes for Q-Component Input 

Reserve 2 Memory Bytes for D-Component Output 

Reserve 2 Memory Bytes for Q-Component Output 

Reserve 4 Memory Bytes for Calculation Buffer 

$C300 
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