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Abstract

Resonant link inverters show tremendous promise for next generation adjustable

speed ac machine drives. A bidirectional initial current control concept in the res

onant dc link circuit which solves the voltage overshoot problem and establishes

reliable zero voltage crossing for smooth inverter operation is presented here. The

resonant circuit has been systematically analyzed to establish the criteria for initial

current selection, and a new circuit has been proposed to establish the bidirectional

initial current. The improved inverter permits successful operation at higher than

50KHz resonant frequency and even promises up to 100 KHz. The control of the

inverter which involves prediction of the inverter input current has been formulated.

In addition to the improved resonant dc link inverter, a quasi-resonant voltage

notching scheme has been developed. By a high frequency (100 KHz) resonant

circuit, this type of inverter creates zero voltage notches at defined positions so as

to permit soft switching of power semiconductor devices. The precise resolution

of the voltage notch position in the dc link greatly enhances the inverter power

capability and reduces the load current ripple in comparison with the resonant link

inverter.

Along with the inverter-fed induction motor speed control system, the two pro

posed schemes have been simulated on a computer using PC-SIMNON. For ex

perimental setup, two power inverter circuits at 25 KHz and 60 KHz have been
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ABSTRACT IV

constructed using the insulated gate bipolar transitor (IGBT), and the bidirectional

initial current control circuit has been fabricated on wire wrapping boards. The

induction motor field-oriented vector control system has been implemented using a

TMS320C25 digital signal processor with two-channel A/D inputs and two-channel

D/A outputs. The software development and user interface for the speed con

trol system were supported by a PC-AT compatible computer. Both resonant and

quasi-resonant link inverters have been tested successfully with series resistance-

inductance and induction motor loads.
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Chapter 1

Introduction

Inverter circuit topologies have evolved from early square-wave inverters through

P  inverters to present day resonant link inverters. Resonant link inverters for ac

machine drive applications were extended from resonant-mode dc/dc power convert

ers. The evolution of circuit topologies can be attributed to both material supplies

and industry demands. From the supply side, power density, voltage and current

levels, and switching speed of semiconductor devices have dramatically increased

such that new resonant circuit topologies are now possible. From the demand view

point, requirements of high efficiency, compact size, good output quality, and quiet

operation have driven the development of new high frequency resonant power con

version equipment. The development of new inverter toplogies has attracted much

attention and some breakthroughs have been made.

The resonant link inverter differs from the conventional inverter by the addition

of a resonant link circuit between the supply source and the inverter. The resonant

link circuit provides periodic zero voltage or zero current interval to eliminate switch

ing loss. Unlike resonant mode dc/dc converters for power supplies, application to

ac machine drives requires the additional consideration of the current flowing back

1



Chapter 1. Introduction 2

from the machine. This feedback current causes major difficulty in resonant link

inverter design, especially in regard to the voltage overshoot problem, and therefore

a solution to this problem is very desirable.

The resonant link circuit is composed of an inductor and a capacitor in parallel

or series. This circuit is also called "resonant tank." According to the connection

of the resonant tank, there are two types of resonant link inverters, i.e., shunt

resonance, zero voltage switching-based voltage-fed inverters [13,21,38,39] and series

resonance, zero current switching-based current-fed inverters [19,20,28]. The two

types of inverters can be easily distinguished by looking at the connection of the

load. If the load is connected in series, the resonant tank determines the current

applied to the load, and the power source inputting to the inverter bridge is pulsed

"current source" [28]. However, if the load is connected in parallel with the resonant

tank, the tank determines the voltage applied to the load, and the power source to

the inverter bridge is a pulse train of "voltage source."

When distinguished by the source being applied to the inverter bridge, the res

onant link can be classified into two categories: resonant ac link [19,20,38,39]. and

resonant do link [13,21,28]. The resonant ac link converter provides ac voltage or

current source to the converter bridge, while the resonant dc link inverter inputs dc

voltage or current source to the inverter.

Because of the induced power loss and latching problems, zero current switching

has some difficulties in higher frequency operation [32]. On the other hand, zero

voltage switching does not have such problems, and is more promising for next

generation ac machine drive applications. Comparing resonant ac and resonant de

link systems, the resonant dc link is preferred for ac power applications because the

switch need not to be bidirectional, which makes the cost less.

Zero voltage switching of devices provides a number of advantages over the full

voltage switching in a regular PfTM inverter. The major advantages of zero voltage
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switching resonant do link inverter are summarized as below.

1. On the converter side:

• The switching loss being dominant in a PITMinverter practically vanishes

resulting in improvement of efficiency.

• The device cooling requirement is minimal.

• Converter power density is high.

• The snubber circuit is not required.

• Acoustic noises can be eliminated in high switching frequency.

• The reliabihty of the inverter is improved because switching stress on

devices is relieved.

2. On the output side:

• The capacitive coupling current on machine windings is low because of

low inverter output voltage change rate dVfdt.

• Output EMI is low.

• Generated torque and acceleration are smooth due to high modulation

frequency.

• Mechanical noise disappears under smooth generated torque.

For an ac machine drive, soft switching is extremely important because the

capacitive coupling current in machine windings may cause serious damage to the

motor when inverter output dVfdt is high. Large capacitive current occurs when

a regular ac machine is controlled by a conventional full voltage switching PWM

inverter.

In addition to its advantages, the zero voltage switching resonant dc link inverter

has three fundamental problems:
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1. Voltage overshoot - High voltage stress is a generic problem in resonant link

inverters. In a zero voltage switched quasi-resonant converter, the link voltage

stress is eight times the supply voltage [42]. For a resonant do link inverter [13],

if the inverter operates with no load condition, the peak resonant link volt

age swings to 2Vg, where Vg is the do supply voltage. With loading of the

inverter this voltage swing becomes worse. If the inverter switching is such

that the inverter input current changes from maximum positive (active mode)

to maximum negative (feedback mode) value, the overshoot voltage will be

higher than 3V^. A passive voltage clamping with energy recovery [14] has

been proposed to limit the voltage to approximately 2.5Vs. An active clamp

ing technique with energy recovery has been proposed [14] instead of using

passive clamping, where clamping level is reduced to 1.3V],. Active clamping

shows difficulty in operation during transition from active mode to feedback

mode. Further, the resonance delay at every cycle reduces the resonant fre

quency causing performance degradation of the inverter system.

2. Zero crossing failure - Zero crossing of resonant link dc voltage in every cycle

is mandatory for successful operation of the inverter. Failure of zero crossing

tends to occur due to finite Q of the resonant circuit where the voltage tends to

build up in successive resonant cycles. The build-up of the fixed inductor initial

current {I^) was proposed [13] to solve this problem. However, the fluctuating

and bidirectional inverter input current (7^) tends to cause zero crossing failure

unless Im is established on the worst Ccise basis and this worsens the voltage

overshoot problem. To date, there has been no quantized solution of optimum

initial current requirement.

3. Inverter phase current ripple - In any inverter operation, the phase current

should closely track the sinusoidal command current so that the machine har-
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monic heating is minimum. One difficulty of the resonant link inverter is

that the inverter is constrained to be switched at zero voltage causing inte

gral PWM (IPWM) to occur naturally. This lack of resolution in pulse width

causes higher peak-to-peak ripple in phase current. To alleviate this prob

lem, the resonant frequency should be high so that volt-second integral of a

resonant pulse becomes low. To date, the resonant dc link inverter has been

operated at 65KHz frequency [23]. Although the voltage clamping limits the

peak voltage, volt-second area of a pulse becomes larger and aggravates the

phase current ripple problem.

To solve these three problems, a current initialization scheme has been pro

posed [8,21]. The current initialization resonant link circuit limits the link voltage

to 2Vs and assures zero crossing under all conditions of inverter operation. The ini

tial current is bidirectional in nature and is established by an auxiliary circuit which

operates at low frequency. The resonant circuit has been analyzed to establish the

criteria of the initial current. The inverter-machine system has been simulated us

ing PC-SIMNON [6,36] and performance has been studied at 26KHz and 50KHz

resonant frequencies.

The simulation result shows that the current initialization resonant link inverter

largely improves the reliability and performance of the ordinary resonant link in

verter. However, two penalties still exist.

1. High voltage penalty - The inherent nature of resonant link operation demands

that the dc link voltage should be double to that of the supply voltage. This

additional link voltage does not contribute any additional output power, and

therefore imposes voltage penalty on the devices.

2. Harmonic current penalty - In a resonant link inverter, the dc link voltage os

cillates freely and the inverter switching has to be synchronized to appropriate
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zero voltage notches. The lack of resolution of notch position causes higher

ripple in machine current wave causing more harmonics heating.

A quasi-resonant voltage notching scheme is possible by adding a control circuit

in the current initialization resonant link inverter described in [21]. This control

circuit retains the fixed dc link voltage until at a desired point a voltage notch is

created depending on the demand of the current controller. The precise resolution of

voltage notch position in the dc link greatly enhances the inverter power capability

and reduces the load current ripple in comparison with the previously developed

resonant link inverter.

Both the peak voltage and current harmonic penalties are solved in the proposed

quasi-resonant voltage notched inverter. The inverter dc link voltage is latched to

the peak resonant voltage by the control circuit until a resonant voltage notch is

commanded at a precise position. The larger volt-second area of extended pulse

permits larger fundamental output voltage, or for the same output voltage, the link

voltage can be reduced to a lower value. Thus, the power output of the inverter

is substantially increased when compared to a resonant link inverter. In addition,

the resolution of the notch position improves the output harmonic spectrums. The

proposed quasi-resonant link inverter induction motor drive has also been computer

simulated and its performance improvement over a resonant link inverter drive has

been verified.

After computer simulation verification, hardware experiments were carried out

to implement the proposed bidirectional current initialization resonant link and

quasi-resonant link inverters.

The first implemented system is a current initialization controlled resonant link

inverter drive running at 25KHz resonant frequency. The power circuit consists of

a three phase bridge rectifier, two input filter capacitors, a resonant inductor (76
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/iH), a resonant capacitor (.5 pF), and a total of nine switching devices.

The resonant inductor was designed using a Litz wire to eliminate skin effect

losses and using an air core to avoid the saturation effect. The resonant capacitor

must have low ESR over the resonant frequency range; thus, a high voltage and high

current rated polypropylene capacitor was selected. Because the switching device

must be fast enough to be switched in the short zero voltage crossing interval, the

fast switching "insulated gate bipolar transistor" (IGBT) was chosen for the exper

iment setup. If inverter efficiency is the first consideration, however, some newly

developed devices like MOS controlled thyristors (MCT)[A3Y and MOS depletion-

mode thyristors (DMT) [2] may be better choices because of their lower conduction

drop.

The gate drive circuits for the inverter bridge use pulse transformers for isolation.

Because the pulse transformer is not suitable for arbitrary duty cycle operation,

an optocoupler isolation gate drive has been developed for initial current control

switches. Although the pulse transformer type is considerably faster and size eco

nomical, it is only good for integral cycle operation. The optocoupler with discrete

component gate drive can be used for any duty cycle, but it requires additional

power supplies.

The control circuit consists of sensor signal conditioning circuits, a resonant link

controller, a three-phase PWM controller, a PC-based speed controller, and three

isolation amplifiers. The voltage sensor is a simple PC voltage divider network with

a voltage follower. The ac current sensor is a high frequency CT with a current-to-

voltage converter. For dc current sensing, a low resistance shunt resistor (0.01 0) is

used with an amplifier circuit. The speed sensing employs a hollow-shaft incremental

encoder with 1800 pulse per revolution and lOOKHz maximum operation frequency.

^MCT is not commercially available yet, but samples are available for test.
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The resonant link controller is a dedicated analog and digital circuit. The main

function of the analog circuit is inverter input current prediction and voltage compar

ison, while the digital circuit is to furnish the control logic. An analog multiplexer is

adopted to predict inverter input current. For speed control, a "digital signal proces

sor" DSP TMS320C25^ with a data acquisition system (DSP-16)^ embedded in an

IBM PC-AT* compatible computer PEPSOP is employed. Only one input channel

of the data acquisition system is used to acquire the motor speed, while two output

channels are used to generate reference current signals. The reference currents are

fed into the PWM control circuit to control the inverter. The PWM controller is a

simple voltage comparator with a small hysteresis band feedback circuit.

The second implemented system is the quasi-resonant voltage notching system.

This system needs one additional switch to adjust switching frequency. Because the

resonant link system is a subset of the quasi-resonant system, the second system is

constructed in a universal manner so the system can be switched from resonant link

to quasi-resonant or vice versa. Although a switch is added, the size of this system

is considerably smaller than the first system because of higher resonant frequency

(60 KHz). The resonant inductor in the second system is only 21.2 //H, and the

resonant capacitor is .33 pF.

The gate drive of the second system is also different from that of the first system.

All gate circuits of ten switches are isolated by optocouplers and controlled by

CMOS drivers. This design isolates the power from control circuits to avoid noise

disturbances. For upper legs of the inverter bridge, the gate drive requires additional

isolated power supply. To reduce the system size, a compact IMHz power supply

^Trademark of Texjis Instruments Inc.

^Trademark of Ariel Corp.

"'Trademark of International Business Machines Corp.

^Trademark of Tektronix Inc.
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was designed on board.

The sensor signal conditioning circuits in the second system are the same as

the first one except that the dc current is sensed by a Hall sensor IHAlOO® for

isolation purposes. Most control circuitry in the second system is the same as the

first system with exception of one additional switch control circuit for quasi-resonant

notch control.

The newly developed schemes were first analyzed, and then simulated with sat

isfactory results. The complete power and control circuits were designed according

to these analysis and simulation results. Both systems - the current initialization

controlled resonant dc link system and the quasi-resonant voltage notch link system

- have been successfully constructed and tested.

^Trademark of F. W. Bell Inc.



Chapter 2

Literature Review

High frequency resonant link inverters were derived from conventional inverters.

The difference between the two is in a resonant tank, either series or parallel LC

circuit, which is inserted into a converter between the power source and the inverter

to generate periodic zero voltage or zero current. The inverter can then be switched

at zero voltage or zero current crossing so that switching loss is eliminated, and the

efficiency is increased.

Based on the inverter power circuit, those inverters suitable for ac machine drives

can be divided into three categories: square-wave inverters, PfTM inverters, and res

onant link inverters. The evolution of the inverter is due in large part to performance

requirements and device switching speed.

Ideally, the power device should have zero switching time and zero switching loss,

but this is not realistic. Switching loss causes heating problems, lowers efficiency,

and increases the size of the inverter. Square-wave inverters, with low switching

frequency, are high in efficiency but poor in harmonics and transient responses.

Output harmonics will further cause machine torque pulsation. On the other hand,

PWM inverters reduce the harmonics but introduce switching losses. The high

10
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performance inverter drive requires no torque pulsation and fast transient responses

and thus needs higher switching frequency, which in turn causes more losses. The

trade-off between performance and efficiency becomes a problem in selecting suitable

inverters. High frequency resonant link inverters originally proposed to reduce the

size of passive components [4,29,33] now become the solution to the above problem.

Because in resonant link inverters the switching loss is near zero, switching frequency

can be very high in order to meet the performance requirement and to reduce the

size of passive components without sacrificing efficiency.

The application of resonant link inverters to ac machine drives requires bidi

rectional power flow in the link circuit, which is normally not required in dc/dc

converters. However, the idea of resonant link inverter is extended from resonant

mode dc/dc converters [13].

Because the concept of resonant link inverters for ac power applications is some

what borrowed from resonant mode dc/dc conversions, and the circuit topology is

derived from traditional inverter circuits, this chapter will describe traditional in

verter topologies, resonant mode dc/dc converters, and various resonant link inverter

topologies suitable for ac machine drives. Typical operation and simulation results

of all inverter circuits are attached for comparison.

2.1 Traditional Inverter Topologies

The traditional inverter means the input power source is stiff dc voltage or current

source and the output is ac power. The inverter switches need to be turned on or

off under full voltage or full current. Such hard switching produces large amount

of energy losses; therefore, the traditional inverters are normally limited in low

frequency operations.

According to the chopping control, traditional inverter can be square-wave or
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PWM type. Both traditional inverters share the same power circuit topology but

differ in chopping control and device switching speed requirement. This section will

describe typical traditional inverter topologies and discuss their characteristics.

2.1.1 Square-Wave Inverters

As indicated from the name, square-wave inverters generate square-wave type output

voltages or currents. For 3-phase inverters, the output separates in six distinct

periods in one cycle. Each 60° interval has a distinct gating pattern [5,11]. The

dc source to the inverter can be constant voltage supplied by a capacitor filter or

constant current supplied by an inductor filter. The inverter is called "voltage-

fed" if its input is constant voltage source or "current-fed" if its input is constant

current source. The inverter switches can be three devices turned-on or two devices

turned-on at any instant.

Because each cycle requires only six switchings, this type of inverter is allowed

to employ slow devices such as thyristors or gate-turn-off thyristors GTOs. The

device turn-off time is typically tenths of a micro second. Figure 2.1 shows a typical

voltage-fed inverter. The voltage across the dc rail Vd is assumed to be constant.

Each thyristor has an anti-parallel diode to allow the current to feed back from the

load. The load may be RLCcircuit, induction motor, or synchronous motor. The dc

voltage source can be supplied by an ac source through a rectifier circuit to provide

a fix output amplitude or a controlled rectifier circuit to provide adjustable output

amplitudes. For adjustable speed drives, however, the dc voltage source must be

varied with the output frequency in order to maintain constant torque operation.



Chapter 2. Literature Review 13

3

AC MOTOR

Figure 2.1: A voltage-fed square-wave inverter circuit.

Figure 2.2(a) shows one cycle of output line voltage of the voltage-fed square-

wave inverter with three thyristors turned-on at any instant. The switching sequence

for this output is QiQeQs, Q1Q6Q2, QiQzQi, QiQzQi-, QaQzQz-, QaQbQs- Using

dc link voltage as the base, the peak line-to-line voltage is 1 pu. Figure 2.2(b) shows

one cycle of output phase-to-neutral voltage waveforms. The peak phase voltage

is 2/3 pu. The fundamental sine waves with 50 Hz frequency are also shown for

comparison.

2.1.2 PkUM Inverters

The principle of the square-wave inverter is relatively simple but the output har

monic contents are excessive, causing machine heating and torque pulsating prob

lems [5]. After the advent of fast self-commutated switching devices like power

transistors and power MOSFETs, pulse width modulation (PWM) techniques were

successfully applied to the inverter control. Instead of switching on and off (chop

ping) 6 times in a fundamental cycle in square-wave inverters, the PWM inverter

employs more chopping in one cycle to synthesize the output waveform. The output
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Figure 2.2: Output voltage waveforms of a square-wave inverter.
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harmonics are significantly reduced, and the performance of the inverter is largely

improved.

Figure 2.3(a) shows a voltage-fed PWM inverter circuit. The inverter uses the

power transistor as the switching device. Again, the anti-parallel diode allows the

current to feed back from the load. The device suitable for FPFMinverters are power

transistors (either bipolar or Darlington type), power MOSFETs, insulated gate

bipolar transistors {IGBTs) [1], and MOSFET-controlled thyristors (MCTs) [43].

According to the modulation technique, PWM inverters can be classified into sev

eral categories such as sinusoidal PWM^ selective harmonics elimination, adaptive

current control PWM, ..., etc [5]. Figure 2.3(b) shows the basic principle of sinu

soidal PWM, where a high frequency triangular wave serves as the carrier wave, and

a low frequency sinusoidal wave periodically modulates the carrier wave to gener

ate on-off signals for the inverter switches. For a 3-phase inverter, the modulating

sinusoidal waves separate from each other at 120°.

Figure 2.4(a) shows one cycle of output line voltage waveforms of the sinusoidal

type PIFM inverter. Figure 2.4(b) shows one cycle of output phase-to-neutral volt

age waveforms. Notice that the chopping frequency is dependent on the carrier

frequency and is much higher than that of square-wave inverters.

From the waveforms of line voltages Vab, Vbc, and Vca, it can be seen that the

output voltage is synthesized by a group of voltage pulses with different pulse widths.

The output phase voltages Van, Hn? and also show pulse-synthesized waveforms

with less magnitude than line voltages.

Typically, the switching frequency of PIFMinverters varies from less than 1 KHz

to tenths of KHz, depending on the device switching speed and the performance

requirement. Higher switching frequency introduces more switching losses but less

harmonic contents. The device switching time is the key factor to achieving high

frequency switching. The power MOSFET is the fastest device but suffers from
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Figure 2.3: A voltage fed PWM inverter.
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Figure 2.4: Output voltage waveforms of a sinusoidal PWM inverter.
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high conduction losses and slow body diode. Bipolar transistors switch at moderate

speed but consume large base drive power. Recently developed IGBTs and MCTs

are ideal for high frequency operation (>20 KHz) while maintaining low conduction

drops and low gate drive consumption [1,43].

2.2 Resonant Mode DC/DC Converters

The main reason for employing high frequency dc/dc converters was to reduce the

power density and to attain fast transient responses. Recent developments empha

sized more features on bidirectional power flow [44], zero voltage switching [42], and

ultra high switching frequency operation (>1 MHz) [17,18,25,42], etc.

The fundamental principle of resonant mode dc/dc converters can be seen from

Figure 2.5 [26,42]. Figure 2.5(a) is a conventional switching mode dc/dc converter

where the link voltage is a stiff dc voltage source and the output is modulated by

the switch Si. In order to provide a clean output voltage, the pulse-width modulated

output is normally filtered by large-size passive components, Lj and Cj. .A.lthough

the size can be reduced by increasing the switching frequency, the induced high

frequency switching losses will be excessive as mentioned before. Typical switching

frequency in this scheme seldom exceeds 50 KHz.

The resonant mode, differing from the switching mode by the insertion of a

resonant tank and Cr into the conventional converter, allows zero current switch

ing as shown in Figure 2.5(b) or zero voltage switching as shown in Figure 2.5(c).

The resonant frequency in zero current switching converters has been higher than 5

MHz [17,18,24,26]. For zero voltage switching, the frequency has been tested higher

than 10 MHz [42]. Under Mega Hertz operation, the size of load side filters and

Cr of resonant mode converters is much smaller, and the efficiency is higher than

those of traditional switching mode converter.
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(c) A zero voltage switching resonant mode dc/dc converter.

Figure 2.5: Comparison of conventional switching mode and resonant mode dc/dc

converters.
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2.2.1 Operation of Zero Current Switching Resonant Link

DC/DC Converter

For the circuit shown in Figure 2.5(b), the operation of zero current switching can

be half-wave or full-wave. The full-wave operation requires anti-parallel diode to

return excessive energy so that the output is less sensitive to load variation. The

half-wave operation, on the other hand, does not have circulating current and is

suitable for higher frequency operation. Figure 2.6 shows simulation results of the

half-wave mode operation. The resonant switch 5i turns on to start the resonance

and off when the resonant current Ir drops to zero. Using the supply voltage and

the load current as the base, the resonant link voltage Vc is twice the base value,

and the resonant link current is three times the base value. These high resonant

link voltage and current are major disadvantages of resonant mode converters.

2.2.2 Operation of Zero Voltage Switching Resonant Link

DC/DC Converter

For the circuit shown in Figure 2.5(c), the operation of zero voltage switching is

shown in Figure 2.7. Contrary to the above zero current switching, the resonant

switch 5i turns on when the resonant voltage drops to zero and turns off to start

the resonance. The resonant voltage is excessively high in this scheme. .A.s shown

in Figure 2.7, the peak voltage of Vcr is eight times the supply voltage. Such peak

overshoot voltage and the switching frequency are functions of the load. A large

load yields lower frequency and higher peak voltage, and vice versa. Because the

switching frequency differs from the resonant frequency, the scheme is called "quasi-

resonant link" converter.
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Figure 2.6: Operation of zero current switching resonant mode dc/dc converters.
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Figure 2.7: Operation of zero voltage switching resonant mode dc/dc converters.
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2.3 Resonant Link Inverters for Power Con

versions

Resonant link inverters for ac power conversions differ from resonant mode dc/dc

power supplies in output voltage and current levels and the requirement of bidirec

tional power flow. Because of high power in nature, the extremely high voltage or

high current stress in resonant mode dc/dc converter is a fatal aspect for high power

ac applications. Designing a resonant link inverter for bidirectional power flow is

thus more challenging.

Because of the limitation of the device power level and efficiency considerations,

the resonant frequency in ac power conversions is significantly less than that of

dc/dc conversions. However, several resonant link inverters were recently proposed

for ultrasonic operation (>20 KHz) [10,13,21,22,38,39,40].

The resonant tank can be connected in series or parallel between the power source

and the converter, and the link voltage or current can be ac or dc. Depending on

the link voltage or current source, resonant link inverters can be divided into two

categories: resonant ac link and resonant dc link. This section will present recently

developed resonant link circuit topologies and their simulation results.

2.3.1 Resonant AC Link Inverters

Resonant ac link converters employ a resonant circuit between the ac power source

and the inverter bridge. The energy can be transferred directly between two ac

sources without rectifying into dc source. The sizable passive components can thus

be eliminated. The resonant tank is normally a small LC element, either series or

parallel, to the converter circuit.

Figure 2.8 shows two newly developed resonant ac link inverters, where ~ Sq
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(b) A parallel resonant ac link inverter.

Figure 2.8: Topologies of resonant ac link inverters.

are the conventional inverter bridge, and Lr and Or represent the resonant tank. The

two topologies are resonant ac link because the link current or voltage between the

power source and the inverter is ac. Such ac voltage link systems require switches

with reverse blocking and bidirectional switching capabilities. Two anti-parallel

thyristors or two anti-parallel transistor-diode pairs are required.

A Series Resonant AC Link Inverter

Figure 2.8(a) is a simplified circuit of a series resonant ac link converter for ac

machine drives. The complete power circuit for 3-phase power conversion is shown

in Figure 2.9 [19,20]. The primary side switch bank Qu ~ Q34 and the secondary
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Figure 2.9: Power circuit of a series resonant ac link inverter.

side switch bank Q41 ~ (^64 provide the switched ac voltages Vi and V2 by different

switching patterns. Two sets of capacitors Ci(abc) and C2(abc) filter out high frequency

components of and V2(a6c)- ^i(a6c) and V2(a6c) are low frequency voltages and are

assumed to be constant during Lr and Cr resonance. Each switching matrix contains

12 thyristors for 3-phase operation or 8 thyristors for single phase operation.

The resonant circuit Lr and Cr are excited by both source voltages and V2

where Vi results from the primary side switching matrix, and V2 results from the

secondary switching matrix. Figure 2.10 shows a typical operation of the above

series resonant link power inverter.

This type of converter allows four-quadrant dc/dc, dc/ac, and ac/ac conversions.
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Figure 2.10: Operation of a series resonant ac link inverter.



Chapter 2. Literature Review 27

The main drawback is the excessive amount of switching devices which must be

equipped with reverse blocking capability. When applying this scheme to dc/ac

conversion, one leg of thyristors at the dc side can be replaced by diodes [19].

A Parallel Resonant ylC Power Inverter

Figure 2.8(b) is a simplified circuit of a parallel resonant ac link inverter for ac

machine drives. The complete system should have an additional high frequency

excitation source or a complete high frequency link system [38,39]. A typical sys

tem using bidirectional switches is shown in Figure 2.11 [38]. Each high frequency

source is linked by a parallel LC circuit which provides a high impedance to the

high frequency current and a low impedance to the system low frequency current.

The output voltage is modulated by the inverter switches. Because the switching

only occurs at zero voltage crossing, the low frequency voltage synthesis cannot be

modulated by traditional PWM methods. The new modulation method is called

"pulse density modulation" (PDM) [38,39] or "integral PWM" (IPWM) [13].

n n

521 ^ S23 I

n

524

n n n

Figure 2.11: A parallel resonant ac link inverter system.

Figure 2.12 shows typical waveforms of the parallel resonant ac link inverter
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system. The link voltage K is high frequency ac, while the output voltage Vo is

pulse modulated low frequency ac. The density of pulses over the low frequency

cycle is modulated according to a low frequency reference signal V*.

a.s

a.s

la.E-S 2.E-4 3.E-4 4.E-4t<sec> 5.E-4

(a) resonant link current
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(b) resonant link voltage
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a.s

3 . E-42. E-4la.E-s 4.E-4t<s®c> 5.E-4

(c) output reference and synthesized voltage

Figure 2.12: Operation of a parallel resonant ac link inverter.

2.3.2 Resonant DC Link Inverters

Similar to the duality in resonant ac link inverters, resonant dc link inverters also

present dual circuit topologies: series resonant dc link and parallel resonant dc link
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as shown in Figure 2.13 [13,28]. The series resonant dc link inverter input is pulse

dc current while the parallel resonant dc link inverter is pulse dc voltage.

"O
I r~n\" \

(a) A series resonant dc link inverter.

Cr V

Vo -

6  .6 . .6
54 \ 56 \ 52

(b) A parallel resonant dc link inverter.

Figure 2.13: Circuit topologies of resonant dc link inverters.

Instead of using bidirectional switches for resonant ac link inverters, resonant

dc link inverters need only unidirectional switches because either the link current

(series resonant) or the link voltage (parallel resonant) is dc. To allow bidirectional

power flow, the series resonant dc link system provides ac voltage across the inverter,

and the device should have reverse blocking capability such as thyristors. Similarly,

the parallel resonant dc link system provides reverse current flow path in inverter

switches which means anti-parallel diodes are required.
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A Series Resonant DC Link Inverter

The series resonant dc link inverter provides a pulse dc current source to the in

verter by employing a series LC tank across a constant current source. As shown

in Figure 2.13(a), a large inductor L, produces the current source /,, and small LC

components Lr and Cr generate dc current pulse train D- The peak value of the

resonant current is twice the source current. Figure 2.14 shows simulation results

of the series resonant dc link inverter.

Because the voltage across the inverter bridge is ac, the switch must be

able to block the reverse voltage. The traditional thyristor has reverse blocking

capability, but its switching speed is not suitable for high frequency operation. New

switching devices such as IGBTs and MCTs theoretically possess reverse blocking

capabilities [3,43], but none of the currently available high frequency devices are

capable of blocking full reverse voltage. A possible solution is to series a diode with

a fast switching device to replace the slow thyristor, which inevitably sacrifices the

efficiency because of the additional voltage drop.

The low frequency sinusoidal output current Iq is synthesized by varying the

density of high frequency pulse trains. A reference current /* is provided for mod

ulation. The modulation technique can thus be defined as "current pulse density

modulation" (CPDM) to distinguish it from "voltage pulse density modulation"

(VPDM) employed in parallel resonant inverters.

A Parallel Resonant DC Link Inverter

Instead of inputting dc current source to the inverter in the series resonant dc link

inverter, the parallel resonant dc link inverter inputs dc voltage source to the inverter.

Figure 2.13(b) shows a simplified circuit of parallel resonant dc link inverter where

Cs is a filter capacitor, and Lr and Cr constitute a resonant tank. When compare



Chapter 2. Literature Review 31

"do.s

e.s

2. E-4 4. E-4 t (sec> 6. E-4

(a) resonant link voltage

i.s

e.s

2.E-4 4.E-4 t <sec)

(b) resonant link current

(c) output reference and synthesized current

6 . E-4

2 . E-4 4.E-4 ♦ <sec> 6.E-4

Figure 2.14: Operation of a series resonant dc link inverter.
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to traditional dc link inverters, the difference can be seen in the circuit where the

additional small-sized resonant tank is inserted into the location between the stiff

dc voltage source and the inverter bridge. Figure 2.15 shows typical operation of

the resonant dc link inverter.

The resonant link current is ac, but the inverter input source Vj is dc voltage

pulse train. The output voltage can be synthesized by different switching patterns.

A typical output waveform Vo is shown with a reference voltage V^. The inverter

devices are switched at zero-voltage crossing intervals, causing integral pulse modu

lation. The modulation technique can be defined as voltage pulse density modulation

(VPDM).

Because the resonant link circuit should allow the load current to flow back from

the inverter switches, the inverter switch is normally constituted of a transistor-diode

pair. The devices which have reported successful operation with parallel resonant dc

link inverters are power transistors [13,14] and IGBTs [23]. The resonant dc link in

verter is most feasible to be implemented with currently available switching devices.

A resonant dc link inverter has been reported at 65 KHz resonant frequency [23].

2.3.3 A Quasi-Resonant Notch Link Inverter

The quasi-resonant link inverter is defined as an inverter with switching frequency

differing from resonant frequency [41]. The resonant frequency is produced by the

LC resonant components, but the inverter switching frequency is regulated by load

ing conditions or control circuits. In resonant mode dc/dc converters, the switching

frequency is highly dependent on the load. The dc/dc converters shown in Sec

tion 2.2 are inherently quasi-resonant link. In ac power applications, however, such

inefficient load dependent and high voltage and current stress quasi-resonant link

converter should not be considered. A new concept of quasi-resonant notch link
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Figure 2.15: Operation of a parallel resonant dc link inverter.
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inverter has been proposed [22], and its simplified quasi-resonant notch link inverter

circuit is shown in Figure 2.16.

Lr V4

Si S3
J

Cr±

Figure 2.16: A quasi-resonant notch link inverter.

The circuit employs an additional switch pair to regulate the switching frequency,

resulting in smooth notches on the dc link voltage. The resolution of notches depends

on performance requirement. A typical example is to have the resonant frequenc}-

at 100 KHz to ensure the PWM resolution and the resulting switching frequenc\-

at 20 KHz to avoid audible noises. Because the inverter switches are not necessary

to chop at integral cycle, the resulting modulation can be optimized PWM, and

the performance is significantly better than that of resonant link inverters [22].

Figure 2.17 shows typical resonant notch link inverter operation.

The waveforms show a 100 KHz resonant frequency and notching type PWM

operation. The switching frequency can be easily regulated by minimum ripple,

least current error square, or other optimum PWM techniques [22]. As shown in

Figure 2.17, during diode blocking the resonant link current P is zero, and the

resonant link voltage maintains constant. The operation is similar to dc link

PWM operation except that the resonant notch link circuit creates smooth notches
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Figure 2.17: T3q)ical operation of a quasi-resonant notch link inverter.
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Figure 3.1: Resonant do link inverter for induction motor drive.

The switch Sr which establishes the positive initial current (/^) in Lr can be

shown as redundant with appropriate control of the inverter. The inverter devices

are switched at zero voltage (Vj = 0) to fabricate PPFMvoltage waves for the motor.

A fundamental concept is that the resonant capacitor voltage Vd is determined

by the capacitor current, the difference between the resonant inductor current

and the inverter input current Id. The current Id is a function of motor phase

currents and the inverter switching pattern. If the current Id is constant during a

resonant cycle, then the maximum and minimum (to assure zero crossing) values of

Vd are determined by the initial resonant link current. A detailed parametric study

showing how the initial current affects the capacitor voltage is presented.

Figure 3.2 shows the equivalent circuit of the resonant link system during reso

nant interval. Suppose the inductance of an ac machine is large enough, the inverter

input current Id will remain constant during a resonant cycle. To simplify the anal

ysis, the circuit modeling in this chapter assumes Id is a constant current source. In

actual practice. Id may vary and its polarity may be positive or negative.



Chapter 3. Resonant DC Link Circuit Analysis 39

V,

Rr Lr

+ \  /
Cr-

\  ' 1

Figure 3.2: Equivalent circuit of the resonant link inverter during resonant interval.

3.2 Mathematical Analysis

According to Figure 3.2, the network equations can be written as

(3.1)V,(t) = h(t)R, + + Vt(i)
dt

Ir{t) = h{t) + Cr
dVdjt)
dt

(3.2)

with initial states Vd(0) = 0 and lr(0) = Im- Solving equations (3.1) and 3.2) yields

U(l) = (V. - hR,)[l - sin(u( + «)] + r ''If'e~'" sinwf (3.3)
v/T^

Ir(t) = fd + e Id)cosujt+——^ sin tul] (3.1)
ZiOLr

where

u>r = il\/LrCr = resonant frequency (zero damping)

ot — Rrl2Lr = decrement factor

C = Rr/2Zr = damping ratio

Zr = yJhrlCr = characteristic impedance
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cj = iOr-\/l — = oscillation frequency

0 = cos"^ ̂  = tan~^ ^

In (3.3) the voltage component Im^r largely affects the resonant voltage Vd(t).

The occurrence of voltage overshoot means that the maximum voltage is higher

than 2V4, and the zero voltage crossing means that the minimum voltage is lower

than zero. Thus the study of extreme points of the resonant voltage will provide

sufficient information on both voltage overshoot and zero voltage crossing problems.

The extreme points can be obtained by solving dVd{t)ldt = 0, i. e.,

dVd{t) _^^j2{V3 — IdRr) + {Id + Im)Rr f J ^ \ r7 .j1_a /o ::\
^ ̂ ^ ^ ~b (rm Idj^r COS iotj — 0 (3.0)

which gives
^  , 2VT^{Id-Im)Zr

2V.-(I, + W

The time t^ can be written in the form

r  , 4. -1 2\/l - C{h — Im)Zr-^ I 1 j ̂tn = [tit + tan , T xp ]/^ n = 1 and 2 (3.7)
Z V5 -j- i77ij/tr

where n = 1 corresponds to the time where the voltage is at maximum, and n = 2

corresponds to the time where the voltage is at minimum. The voltage at extreme

points can then be given as

Vditx) = iV3- IdRr)[l - sin(a;ti + 0)] + sinudt, (3.S)

where

V4t2) = {V,-IjR,)ll--^==e-'-Hin(wt2 + e)\ + 2^ ;^^=M^e-"^smu2h (3.9)



Chapter 3. Resonant DC Link Circuit Analysis 41

where

By introducing the two parameters, Af, = IdZrfVa (load current factor) and

Aq = ImZriVs (initial current factor), a general normalized form of (3.8) and (3.9)

can be given as

= (1 - 2X,()ll - + 9)]

1+ -^^==^6 Vi-c^ {Ao - AL)smujtn

In (3.10), 0 is a function of (, u) and are system constants, and Aq and A^

are variables related to current. Figure 3.3 shows the typical normalized current

and voltage waves in the resonant link where R is normalized with the base current

VgjZr and Vd is normalized with the do voltage V3.

Voltage Vd{ti) is the maximum voltage at time tj, and Vd{t2) is the minimum

voltage at time t^- The voltage overshoot occurs when Vd{ti) > 2Vs, and the zero

voltage crossing is lost when Vd{t2) > 0.

Normally, the inverter input current Id varies between —I^ and +/£, where

is the peak inverter phase current. It can be seen from (3.8) that the value ol

Im — Id is the dominant factor causing voltage overshoot. Equation (3.9) shows

that the same factor also affects zero voltage crossing. Thus controlling the \ aluc

of Im — Id, i-e., controlling the initial current can solve both the voltage overshoot

and zero voltage crossing problems. Evidently, for a certain inverter input current

Id, different initial inductor currents Im will yield different maximum and minimum

values of Vd. Figure 3.4 shows the maximum voltage Vd{ti) and the minimum voltage

Vd{t2) as functions of Im and which have been solved in (3.8) and (3.9) respectively

under the condition Id = —II- The resonant circuit is assumed to operate at 50Kllz

with Q = 150.
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Figure 3.3: Current and voltage waveforms in a resonant cycle.
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The characteristic impedance is chosen as Zr = K//l and in Figure 3.4 the

current is normalized with the base current II = VajZr. A few interesting

observations can be made from Figure 3.4. If the initial current is set to be

7^, then the voltage Vd{ti) swings to 3.2V,. Such a high voltage overshoot can

be expected because of the large initial current. The magnitude of Vd{ti) becomes

minimum when 7^ = —Ipu, i.e., 7^ — 7^ = 0. But under such Im = h condition, the

zero voltage crossing is lost. Since the control of negative (7m — Id) is impractical

under nonzero switching time, the initial current is always chosen to be positi\c.

The desired value of (7m — h) can be easily designed from the graphical plots. .A

typical solution point is (7m — Id) = 0.37^ as indicated in Figure 3.4. This, however,

causes an unavoidable voltage overshoot of a few percent. If 7m — Id is larger,

the voltage overshoot increases, but the value of Vd{t2) decreases and results in an

increase of zero crossing interval. It is important to note that Id normally increases

during a resonant cycle because of high Vd magnitude. To allow for this current rise,

the initial current should be slightly higher than the selected value (i.e., 0.37/^) oC

Figure 3.4.

Figure 3.5 shows the general plot of Vd{ti) from (3.8) for different inverter input

currents which includes the case of Id = —1.07jr,. Figure 3.6 gives the general plot

of ̂ dih) from (3.9) including the case of Id = —1.07£,.

It is evident from the curves that the initial current 7m has to be made pro

grammable as a function of the inverter input current Id in order to satisfy the

criteria required for reducing voltage overshoot and insuring zero voltage crossing.

Typical zone of 7m variation is shown in Figures 3.5 and 3.6. The zero skew of

0.3 occurs because of positive initial current requirement which is explained in Fig

ure 3.4. For example, if the inverter is unloaded (i.e.. Id = 0), the initial current

Im = 0.3 will satisfy the initial current requirement.



Chapter 3. Resonant DC Link Circuit Analysis 44

4.0

3.5

cs

3.0

rt
2.5

2.0

o
bO
a

1.5

"o
>

1.0

a

1 .5

'S

a
0

-.5

s

1 -1.0
» ̂

d
-1.5

RES0NflNT LINK SYSTEM -- F=50 KHZ. Q=150

~i I I I I I I I T—I—I—1—I—I—I—I—I—I—i—1—r

-2.0 r i l l

Vi(ti)

Loss of zero voltage crossing

K,(t2)

J—I I I I I I I I I I I I I I I I I I I I I I I I I

-1.6 -1.1 -1.2 -1.0 -.8 -.6 -.4 -.2 0 .2 .4 .8 .8 1.0 1.2 1.4 1.6

Initial current Im (pu)

Figure 3.4: Maximum and minimum resonant circuit voltages as functions of initial

current 7^ (Ij = -7l).



Chapter 3. Resonant DC Link Circuit Analysis 45

RES0NRNT LINK SYSTEM — F=50 KHZ. 0=150

f I ' i I r ' I I I ' I I I I I I I I I I I I I I I I—I—r

0
D.

<D

hfl
cS

O
>

a
3

c3

3.6 -

3.4 -

3.2

3.0

2.8 -

2.6 -

2.4 -

2.2 -

2.0

1.!

/

/ W /,y (:s< .
//

\

/  ' v»z ^ <o\ Vv

\ \V/

<

Zone of control
I—I—I—I—I—I I I I I I I I I I I I I I

\ \

\
\

\

\
\

\

\ N

\

-I I I I I I i_

-1.6 -1.1 -1.2 -1.0 -.8 -.6 -.1 -.2 0 .2 .4 .6 .8 1.0 1.2 1.4 1.6

Initial current (pu)

Figure 3.5: Maximum resonant circuit voltage [Vd(ti)] as function of for different

inverter input currents.



Chapter 3. Resonant DC Link Circuit Analysis 46

RES0NRNT LINK SYSTEM — F=50 KHZ. Q=150

.2

-.2

P  -4
a

<D

fcC

'o
>

a

I
• ̂

-.6

l.O

1  I r -I I I I I I I I I I ; r

Zone of control >

1—r-

\  ̂ »' V ̂  <9 VV
N  *5?

\  .

\  \ •

<

r>.
-.^ •••

/

•  , /
/  ,

•  , /

V V N '/O \^

/  /
\  \*cP

N-? \ \  ̂

\  ■••-. \

-1.2

-1.4

-1.6

. J 0 I I ] I I I I I i I I 1 I I ] I I I I 1 I I I I I I I I I I L
■ -1.6 -1.4 -1.2 -1.0 -.8 -.8 -.4 -.2 0 .2 .4 .8 .8 1.0 1.2 1.4 1.8

Initial current Im (pu)

Figure 3.6: Minimum resonant circuit voltage [Vd(f2)] as function of 7^ for different

inverter input currents.



Chapter 3. Resonant DC Link Circuit Analysis 47

If the load current does not remain constant during resonance interval, the initial

current can be adjusted to a higher value to prevent zero voltage crossing failure. The

load model is not necessary to be precise because the purpose of this modeling and

analysis is to predict a setup value and not to decide the final setup value. The actual

initial current requirement can be easily adjusted by trimming a potentiometer and

should be obtained from the experiment. An experimental setup and its results are

presented in the following section.

3.3 Experimental Results of Resonant DC Link

Circuit

To verify the initial current requirement in the resonant do link circuit, an experi

ment has been carried. The resonant circuit consists of a 77 /zH inductor and a .5 /zF

capacitor. The resonant frequency is 25.65 KHz, and the characteristic impedance

is 12.4 Ll. The test circuit is the same as Figure 3.1 except the inverter is unloaded.

The components are listed in Table 3.1.

Table 3.1: Components for resonant link current initialization test.

Device Specification Note

5. 500 V,13 A a MOSFET MTH13N50 series with a diode MUR1560

Dr 600 V, 15 A Ultra fast recovery diode MUR1560

d-J y 77 /zH 19-strand AWG-24 Litz wire on air core

Cr 0.5 /zF 2 Polypropylene capacitors 97F8522 in series

The total resonant circuit (^-value was estimated at 200, and the initial inductor

current in this experiment was set at 3 A for 100 V supply voltage. The computer

simulation and experimental results are shown in Figure 3.7.
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(a) Simulation results of resonant link voltage and current
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(b) Experimental results of resonant link voltage and current.

Figure 3.7: Simulation and experimental results of an unloaded resonant link circuit
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The zero crossing interval (about 4 psec) is to provide the time for establishment

of the required initial current. With supply voltage 100 V, the peak resonant link

voltage Vrf was measured at 202 V, and the peak resonant current D was measured

at 8 A.

The experimental results agree with the simulation results with the exception

that current and voltage spikes occur when the shunt switch Sr turns off. This

phenomenon is caused by the current transfer between the shunt switch and the

resonant capacitor. The data sheet [54] shows that the power MOSFET turn-off fall

time is 180 nsec which gives a current transfer rate of 16.7 Ajpsec for 3 A initial

current. The non-zero length wire between the resonant capacitor and the shunt

switch thus causes the spikes. This phenomenon has been improved by using IGBT

as the shunt switch because the current transfer rate is lower. Using fast switching

type IGBT as the shunt switch, the turn-off fall time is 800 nsec, and the current

transfer rate is 0.56 A/psec for even higher initial current as shown in Figure 3.8.

Table 3.2 shows IGBT and ultra-fast recovery diode specifications.

Table 3.2: IGBT and ultra-fast recovery diode specifications.

Device Specification Note

5. 600 V, 40 A IXYS IGBT IXGH40N60A

Dr 600 V,30 A Motorola ultra-fast recovery diode MUR3060PT

The experimental results using IGBT as the shunt switch are shown in Figure 3.8

where the lower trace shows the gate signal. The circuit components remain the

same as those in Table 3.1 except the shunt switch-pair is replaced by an IGBT

IXGH40N60A [52] and an ultra-fast recovery diode MUR3060PT. With the supply-

voltage Vs = 150 V the peak resonant voltage Vd is measured at 300 V. It should

be noted that the spike caused by the current transfer vanishes after using IGBT

as the switching device. If fast current transfer is required for a higher frequency-
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system, circuit layout will be the key factor in avoiding suspicious spikes.

Ni

Ir'. 5 A/div
Vd'. 50 V/div

Figure 3.8: Experimental results of unloaded resonant link circuit using IGBT as

the shunt switch.
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Current Initialization Resonant Link

Inverter System

The circuit in Figure 3.1 has been tested successfully for positive initial current

establishment. However, when the inverter input current changes from positive to

negative, the circuit would not be able to provide negative initial current. In ac

machine drives, the inverter input current varies between positive and negative, so

does the resonant inductor current. Because the original resonant link circuit is not

satisfactory for bidirectional initial current control, a new circuit is proposed here

to solve such problem.

To verify the new proposed current initiahzation circuit, a complete system has

been simulated using PC-SIMNON. With resonant link frequency 50 KHz and 25

KHz, the system has been simulated for a 3-phase, 220 V, 5 HP induction mo

tor. Two 3 KW prototype systems have been fabricated at 25 KHz and 60 KHz

respectively. Both of simulation and experiment show satisfactory results.

51
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4.1 A Bidirectional Current Initialization Reso

nant Link Inverter System

Figure 4.1 shows the resonant inverter with a bidirectional current initialization

circuit. The shunt switch Sr is retained for redundancy. Two additional switches

Sa and Sb are added to the original resonant link circuit. Switch Sa also serves as

start-up function.

3-phase
AC

source. Sr \Dr

Lr Ir h
w

m

V. ̂
Ca

O

Cb

SbAuxiliar\
source

5.

m

Sh

Current initialization circuit

4 t 4 t 4
Induction
Motor

Figure 4.1: Proposed resonant link inverter with bidirectional current initialization

circuit.

Normally, switch Sa remains closed for regular operation. For positive initial

current establishment, simply turn on switch 5r, and the inductor current will in

crease with a slope For decreasing the inductor current, Sa is turned off and
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Sb and Sr are turned on so that the current decrementation slope is given by VbILr,

where Vb is the auxiliary dc voltage established by a half-wave rectifier. In normal

motoring condition of the system, switches Sa and Sb operate at a small fraction of

the resonant frequency and contribute some additional loss, but the overall efficiency

improvement of the resonant inverter is retained.

4.2 Operation Modes of Current Initialization

Circuit

Basic operation of a resonant link circuit is function of LC resonance and switch

modulation. Figure 4.2 shows the bidirectional current initialization resonant link

circuit operation at different modes.

The operation can be summarized into three modes as below.

• Mode 1: This is a regular resonant cycle when Sa is on, but Sr and Sb are off.

The equivalent circuit in this mode has been analyzed in Chapter 3. The circuit

resonates at the designed frequency and voltage and current magnitudes.

• Mode 2: In this mode, the current 1^ increases as a result of inverter switching

so that has to be incremented to match with the incoming Id. Therefore,

Sa and Sr remain on but Sb remains off during the zero crossing interval. The

inductor current at the leading edge increases to at the trailing edge

where the current increases with the slope VgfLr. With ta and tf, as the time

at the leading edge and the trailing edge respectively, the operation can be

expressed as

Ir{tb) - Ir{ta) ̂  - ta) (4.1)



Chapter 4. Current Initialization Resonant Link Inverter System 54

Id '■
^ 0. N. ; /

I ^X TTl

-1

4.E S.E-5

/  \
/  i
/  \

V ^ /<

2.E-5 4.E-5

mode 1

6.E-5

<(sec)

f(sec)

mode 2 mode 3

Figure 4.2: DiiFerent operation modes of the resonant link circuit.
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where Ir{tb) = Im and Ir{ia) = I'm- The control circuit should detect R and

return to mode 1 when the desired current is reached.

• Mode 3: In this mode, the current 1^ transitions to a lower values (which

can be positive or negative), i.e., the current 1^ is less than such that I'^

requires decrementation {Im < I'm)- By turning off Sa and turning on Sb and

Sr during zero crossing interval, the inductor current will decrease at the slope

VBlLr- With time t'^ at leading edge and at the trailing edge, the current

decrementation can be given as

Ir{Q - IriO = /„-/:« - O (4.2)

where Vb can be assumed as constant.

4.3 Prediction of the Initial Current

The initial current (/„) is to be known at the leading edge of zero crossing interval

so that the appropriate switching action of the initialization circuit can be taken.

Since the inverter is being switched at the trailing edge as shown in Figure 4.2, the

incoming current Id is to be predicted at the leading edge to determine the required

Im value. Note that it is possible to switch the inverter at the leading edge, but then

the function of Sr can be performed by the inverter switches. In fact, the simulation

of inverter system which is described later does not use switch Sr- However, adding

a redundancy to the circuit would increase fault tolerance and system reliabihty.

The phase currents of the inverter are controlled by hysteresis based bang-bang

type current controller. Since the magnitude of command and phase currents is

practically invariant during the small zero crossing interval, the switching logic of

the inverter is determined at the leading edge. Implementation of this logic to



Chapter 4. Current Initialization Resonant Link Inverter System 56

switch the inverter is withheld until at the end of zero crossing interval. By knowing

the switching logic and the inverter phase currents, the current Id can be uniquely

predicted. Table 4.1 summarizes the relation of Id with respect to the phase currents

for different switching patterns of the inverter.

switching pattern on-•switches inverter input current

1 5, 5 2a T ̂6 — b

2 5, 5, 5 2a ~l~ 2f) — Zq

3 5, 5 2a 4" 2(; 2^

4 5, 5 2a

5 5, 5' Zb Zc — 2(j

6 S, S 26

7 5, 5 2c

8 5, 5, 5 -(2a + ib + 2c) = 0

Note that the sum of the phase currents, i.e., ia + ib + ic is zero for isolated neutral

of the machine. Define the predicted inverter input current as Id- The following

simple relation can be derived by Boolean manipulation of Table 4.1.

id = Sia + Sib + Sic (4.3)

where 5, 5, and S are the Boolean variables which correspond to 0 or 1 depending

on off or on condition of the respective switches. Table 4.2 shows the (4.3) in truth

table form.

It is evident from Table 4.2 that the inverter input current can be predicted by

an analog multiplexer with input of three-phase currents and output selected by the
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Table 4.2: Truth table of inverter input current prediction.

57

Si S3 S5 id

0  0 0 0

0  0 1 ic

0  1 0 ib

0  1 1 -ia

1  0 0 ia

1  0 1 -ib

1  1 0

1  1 1 0

Idanalog
multiplexer

switching logics. A simple equivalent analog multiplexer implementation is shown

in Figure 4.3.

phase
currents if,

L  .
_  inverter

input
current

Si S3 S3

switching logic

Figure 4.3: Equivalent analog multiplexer for estimation of inverter input current.

The circuit shows the initial current prediction can be simply implemented by

an IC chip. Three input analog signals to the multiplexer are phase currents Zq, 4,

and z'c- The predicted inverter input current Id is then function of switching pattern

as shown in Table 4.2.
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4.4 Simulation of the Proposed Resonant Link

Inverter System

A complete inverter-machine speed control system has been modeled and simulated

on an IBM PC-AT compatible computer PEP301 using PC-SIMNON language. The

block diagram of the system is shown in Figure 4.4.

The induction motor control system uses indirect method of vector control [5,7]

where the speed control loop generates the torque component of current I*^ whereas

the flux component of current 7^^ is set independently. Both the currents 7*^ and 7j^

are converted into stationary reference frame and then three phase reference currents

7*, 7j, and I*. The reference currents are compared with the actual phase currents

7a, lb, and P to give the required switching pattern. The hysteresis-band current

controller generates the switching logic for the inverter and the current prediction

circuits. The predicted current Id is then fed into resonant link control circuit to

ensure reliable resonant operation.

Each block of the system (Figure 4.4) is individually modeled in dynamic expres

sion. After verifying all the individual blocks, the whole system is interconnected

and simulated for a period of steady state operation.

The simulation program design is discussed in Chapter 6. For complete reso

nant link inverter system simulation, a 3-phase 5 HP induction motor driven by a

resonant link inverter has been studied. Table 4.3 shows parameters of the sim

ulated induction motor, and Table 4.4 shows designed parameters of the resonant

link circuit.

The switch in the simulation program is assumed to be ideal which means no

switching delay, and no switching losses. Such assumption has been made in the

previous no-load condition without misinterpreting the actual system operation ac-
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Figure 4.4: Block diagram of resonant link inverter and induction motor speed

control system.

able 4.3: Machine parameters for simulation study.

Induction Machine (3-phase, 208V, 60Hz, 5HP):

Stator resistance rs 0.25Q

Stator reactance Xs 0.41)

Rotor resistance rr 0.8170

Rotor reactance Xr 0.4O

Magnetizing reactance 42.090
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DC supply voltage 300V

Maximum inverter phase current h 25A

Characteristic impedance Zr ii.son

Resonant frequency fr 50KHz

Resonant inductor Lr 37.8/rH

Resonant capacitor Cr 0.27//F

Resonant circuit quality factor Q 150

cording to the results of Chapter 3. For 50KHz resonant frequency, Figure 4.5

shows simulation results of resonant voltage and currents. It can be observed from

the resulting waveforms that

• The voltage Vd maintains resonance continuously at a peak value 2Vs which

indicates that the overshoot and zero crossing problems are solved.

• The initial resonant current R was correctly predicted as evident from the

plots of Ir, Id, and Id- The only mismatch of the inverter input current Id and

its predicted value Id is at the first resonance cycle. This is understandable

because the switching function is unknown initially.

• The inverter input current variation is very minimum and is negligible during

the short resonance interval.
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Figure 4.5: Simulation results of inverter input current prediction.

Figure 4.6 shows simulation results of three-phase actual and reference currents.

Three phase currents la, h, and C are well tracking with the corresponding reference

currents la*, I^*, and 1^*.

The peak-to-peak current ripple for 50 KHz frequency is 2 A. To show superior

performance under higher frequency, the same simulation was compared to a 25 KHz

frequency inverter. Figure 4.7 shows the simulation results for 25 KHz resonant

frequency system where the typical peak-to-peak ripple is about 4 A. Both 50 KHz

and 25 KHz resonant link inverter systems are running under the same loading

condition, but the 25 KHz system generates twice ripple currents. This tells that

the inverter can get better performance with higher resonant frequency.

The algorithm for initial current prediction based on predictive estimation of the
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Figure 4.6: Simulation results of the proposed resonant link inverter induction mo
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inverter input current has been shown effective according to the simulation results.

The successful operation at both 50 KHz and 25 KHz indicates that the proposed

scheme will suit at even higher resonant frequencies provided that high frequency

passive and active components are available. This can be proven by the following

experimental results.

4.5 Experimental Results of the Resonant DC

Link Inverter System

To implement the proposed resonant dc link inverter system, the component se

lection and availability are very critical. The optimized designed parameters may

not be feasible because of the device limitation. One of the key components is the

resonant link capacitor. The experiment in the 25 KHz system used two capacitors

in series which inherently increased the resistance in the resonant path and the size

of the whole system. The second implemented system thus adopted smaller capaci

tors in parallel so that the size can be reduced and the switching frequency can be

increased to 60 KHz. The experimental setup and test results of two systems at 25

KHz and 60 KHz will be presented in this section.

4.5.1 Experimental Results of a 25 KHz System

The first tested system is a single-phase inverter with RL load. This test is to verify

the operation of the loading condition and the proposed current initialization tech

nique. Figure 4.8 shows the schematic and parameter values of the tested system.

All devices are 600 V, 40 A /CHTIXGH40N60A [52].

Using a reference current with 500 Hz, 1 ApeaJt sinusoidal waveform produced by

a function generator, the test results are shown in Figure 4.9. The picture shows
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Figure 4.8: Schematic of the tested single phase resonant link system with RL load.

a half-cycle operation, where the peak voltage maintains constant as desired, and

the typical current ripple is .2 Apeak-to-peak- This current ripple can be reduced by

increasing the load inductance. In other words, for y4Cmachines with higher leakage

inductance, the current ripple will be significantly reduced.

Contrary to traditional dc link inverters which synthesize the load voltage by a

square pulse train, the resonant link inverter synthesizes the output by a resonant

pulse train with positive and negative alternation. In stead of having the near infinite

dV/dt supply voltage in regular dc link PIFM inverters, the resonant link inverter

output has limited dVjdt. This indicates that the capacitor coupling current on

machine windings will be largely reduced, and the machine operation will be more

efficient and more reliable.

With 3 Apeak reference current, the actual and reference currents are shown in

Figure 4.10. The reference current is covered inside of actual current envelope,

and the typical ripple is 0.6 Apeak-to-peak as expected. The fundamental output
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Figure 4.9: Experimental voltage and current results of 25 KHz resonant link in

verter for single-phase RL load.
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Figure 4.10: Actual and reference current waves of 25 KHz resonant link inverter for

a single-phase RL load.

frequency is 60 Hz.

It is evident that the high frequency resonant link inverter can easily synthesize

output at the kilo Hertz range. In an experimental practice, the reference input

frequency was adjusted from low frequency to 1 KHz without any difficulty. With

higher resonant link frequency, the output fundamental frequency can be further

increased.

4.5.2 Experimental Results of a 60 KHz System

Because the resonant link system operated successfully at 25 KHz, a higher frequency

at 60 KHz was then explored. A 21.2 /xH resonant inductor was made by Litz wire
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on an air core. The resonant capacitor consists of four Orange Drop^ SBE716P600V

capacitors in parallel. Each capacitor is 0.082 pF and is rated at 600 V, 8 A^ms-

Table 4.5 shows specifications for 60KHz resonant circuit components.

Table 4.5: Specification for 60 KHz resonant circuit components

Component Specification Note

Sr 600 V, 40 A IXYS /GPTIXGH40N60A

Dr 600 V, 30 A Motorola ultra-fast recovery diode MUR3060PT

Lr 21.2 pE 210 AWG-35 stranded Litz wire on air core

Cr 0.328 pF Four 0.082 pF SBE716P600V in parallel

The resonant components are now in much smaller size and are PC board mount-

able. Under no-load condition, the resonant link voltage and current waveforms are

shown in Figure 4.11.

With supply voltage 150 V, the peak resonant voltage is 300 V, and the peak

current is 20 A. The actual switching frequency is less than the resonant frequency

because of the initial current establishment. It can be seen that under constant

initial current control the peak voltage maintains constant as expected.

After successful test under no-load operation, the resonant link circuit was then

hooked up to a 3-phase 2-HP induction motor. Under loading condition, the resonant

link current and voltage are shown in Figure 4.12. With supply voltage 85 V, peak

phase current 4 A, the resonant link voltage Vj, maintains constant at 175 V, and

the resonant link current Ir varies between negative and positive. It can be seen

that the negative peak current drops from —11 A to —15 A occasionally depending

on the inverter input current.

Mostly the inverter input current appears positive but drops to negative when

^Trademark of SB Electronics.
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Figure 4.11: Experimental results of 60 KHz resonant link voltage and current under

no-load condition.
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Figure 4.12: Resonant link current and voltage under loading condition.
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drawing regenerative current. Although the resonant link current Ij. varies with

the inverter input current Id, the peak resonant voltage Vd remains constant. This

proves the current initialization concept. However, the zero voltage crossing interval

varies with different inverter input current.

In order to increase the loading, the 2-HP induction motor was parallelled with

a R-L load. Each R-L branch consists of four parallel 40 0 resistors and a 3

/zH inductor. The resistive load is adjustable from 10 fl to 40 for each phase.

Figure 4.13 shows the experimental setup. For such parallel loading, the induction

motor speed can only be controlled by inverter output fundamental frequencj', and

the resonant link inverter serves as a variable voltage variable frequency (VVVF)

power supply.

1
2 2 2

$ $ s

^ n
T1 ?"■ T-_ __ __ lOur l«0(

□

3-PHASC

3uH 10 • «0

SwH 10 - *0

10 - 40

r

Figure 4.13: Parallel loading of resonant link inverter experimental setup.

With 100 V dc link supply voltage and 50 Hz fundamental reference input fre

quency, the resulting output phase current and voltage are shown in Figure 4.14(a).

The upper trace shows the phase A current which is a clean sinusoidal wave. Fig

ure 4.14(b) shows frequency spectra of the output phase voltage and current. Most

harmonic contents are less than —50 db. Only few components including 55 KHz
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Figure 4.14: Experimental results of phase current and voltage for the resonant link

inverter.
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switching frequency are high at about —40 db. The lower trace shows the phase

A output voltage which is synthesized by the resonant pulse train as seen from

Figure 4.9. The most significant harmonic content is —20 db at 55 KHz switching

frequency. However most objectionable harmonic contents are at —40 db range. It

can be seen that the high frequency resonant link inverter requires only small size

filter if the output is to serve as a power supply.

Figure 4.15 compares the actual and reference currents. Although the reference

current is somewhat corrupted by circuit noises, the output phase current remains

a clean sinusoidal wave. With higher than 50 KHz switching, the output current

ripple is smoothed out. The frequency spectrum of the actual current shows superior

to that of the reference current.

All of the frequency spectra were analyzed by the built-in FFT function of a

digital storage oscilloscope Lecroy 9400. Each wave was evaluated on 2500 points

base.

4.5.3 Experimental Results of the Inverter Input Current

Prediction

With an analog multiplexer, the inverter input current can be easily predicted as

described in Section 4.3. For induction motor load, the experimental results of the

actual inverter input current and the predicted current are shown in Figure 4.16.

The experiment employed a high speed CMOS chip 74HC4051 [61] to predict the

initial current and a Tektronix A6302 current probe to measure the actual current.

The upper trace shows the actual inverter input current. The current drops

and tends to oscillate during zero voltage crossing. This is because the switching

device tends to turn off when the drain-source voltage drops to zero. However,

the predicted current (as shown in lower trace) only reflects load side currents and
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Figure 4.15: Comparison of the actual and reference phcise currents.
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Figure 4.16: Comparison of the actual and predicted inverter input currents.

correctly predicts the inverter input current at the next cycle without any oscillation.

The experiments for single-phase and three-phase inverter systems have shown

success of the proposed current initialization algorithm and the new circuit topology.

A limitation of raising resonant link frequency is mainly due to circuit components

but not the developed algorithm.

4.5.4 Experimental Results of Efficiency Evaluation

The efficiency of resonant link inverter system has been evaluated to show the superi

ority of the proposed system. Table 4.6 shows power losses and efficiency evaluation

results.

The measurement for no-load condition is to see the power losses on the resonant

link circuit including the resonant inductor capacitors Ca and Cr, the switching
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Table 4.6: Efficiency Evalua ion

do link measurement (V) Irms (A) power (W) efficiency

no-load 33.7 0.70 34.4

85 output 36.1 3.88 408.7 0.869

input 34.6 5.22 470.2

no-load 39.2 0.78 46.6

100 output 42.5 4.51 519.1 0.882

input 41.2 5.61 588.6

no-load 50.8 0.93 61.8

132 output 56.9 5.95 964.9 0.942

input 53.9 7.07 1024.4

of the shunt switch pair Sr-Dr, and the conduction of the diode bridge Da an-d the

control switch pair Sa-Da. After loading, the additional power losses mainly come

from the conduction of inverter switches Si ~ Sq.

All of the analytical results are based on the acquired digitized waveforms. The

digitizer is a Lecroy 9400 oscilloscope, and the controller is a Tektronix PEP-301

computer. Although the accuracy may be sacrificed by 8-bit resolution, the results

agree with the actual loading condition very well. The actual loading condition can

be easily calculated by output RMS current and the load impedance.
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Quasi-Resonant DC Voltage Notching

Inverter System

As described in Chapter 2, the proposed new quasi-resonant dc voltage notching

inverter is ideal for next generation ac machine drives. This scheme can be seen

as an extension of the parallel type resonant dc link inverter by adding one control

switch pair Sc and Dc as shown in Figure 2.16. The basic operation principle has

been described in Figure 2.17. This chapter will present the circuit modeling, anal

ysis, simulation, and experimental results of the quasi-resonant dc voltage notching

inverter.

5.1 Operation Modes of Quasi-Resonant Voltage

Link Circuit

Consider the quasi-resonant circuit as shown in Figure 5.1(a). The circuit contains

resonant link LC components Lr axidj^^ quasi-resonant control switch pair Sc and

Dei and initial current control switch Sr- Under no load condition, a resonant cycle

77
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Figure 5.1: Quasi-resonant do voltage notching circuit operation modes and wave

forms.

can be divided by three operation modes as shown in Figure 5.1(b). In comparison

with ordinary resonant link circuit operation, this circuit adds a delay mode to

maintain constant link voltage.

Assume the switching devices are ideal. The analysis can be simplified as below.

1. Mode 1: The capacitor voltage K swings from zero to 2Vs in half of the reso

nant cycle due to LC resonance. Neglecting resistivity of passive components,

Vc{t) can be approximated by

Vc{t) = I/,(l - COSLJrt) {0 <t < ti) (5.1)
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The resonant frequency can be calculated by

Wr = J ^ rad/sec (5.2)
V LrCr

The time interval of mode 1 can then be solved by

7r

ti = — sec (5.3)

This gives Vc{t\) = 21^,.

2. Mode 2: The diode Dc blocks the resonance so that the voltage Vc remains

constant, i.e.

Vc{t) = 2Vs (ti < t < ti) (5.4)

The time interval = ti — ti can be controlled by a time delay circuit.

Typical time delay interval of mode 2 is tenths of a microsecond; therefore,

the capacitor voltage variation is negligible during such a short interval.

3. Mode 3: The switch Sc turns on, and the voltage Vc swings back to zero at t^.

The voltage equation is the same as that in mode 1, i.e.

Vc{t) = Vj(l — cosut) {ti <t < t^) (5.5)

The complete quasi-resonant cycle is consists of an LC resonant cycle and a

time delay tj, i. e.

ts h = 27r\/ZC + (h-6)
U)r

The modulated quasi-resonant frequency can then be calculated by

At the end of the quasi-resonant cycle, t = t^, ̂ (<3) returns to 0.
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5.2 Quasi-Resonant DC Link Circuit Analysis

In quasi-resonant do link circuit, the switching devices Sc and Dc are inserted into the

resonant path. Thus, the circuit model will be similar to that of the resonant dc link

system if the control switch pair is ideal. However, the experimental result shows

that the switching devices behave somewhat differently from theoretical aspects

and the specifications provided by the manufacturer. This section will include an

empirical model of the switching device in the qucisi-resonant dc link circuit analysis.

5.2.1 Modeling of Switching Device Conduction Drop

In order to model the new circuit, the device conduction voltage drop has to be

considered. Traditionally, according to the manufacturer's data sheet, the device can

be modeled as a constant voltage source in series with a resistor when conducting.

This model is effective in most cases, but a true model obtained from experiments

shows a significant inductive behavior in switching devices.

Let Yds represent the voltage drop between drain and source of the IGBT or be

tween cathode and anode of the diode and Id represent the drain current. Figure 5.2

shows the experimental results of the conducting voltage drop of the devices. When

the current Id is positive, IGBT conducts. On the other hand, the diode conducts

when Id is negative.

It can be seen that the device conduction drop is a function of current, i.e.,

Ki, = fih). (5.8)

This function could be nonlinear. The traditional linear diode model

Yds = 0.7 -f IdTd

does not fit the experimental result because the voltage drop is different for the

same current magnitude but with different slope. The tendency is that when the
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Figure 5.2: Experimental results of IGBT and diode conduction drops.
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current Ij is increasing, the voltage drop is higher. This imphes that the circuit

model should include a derivative term of the current 1^. A simple mathematical

model is proposed as (5.9).

Vds = ̂0 + kild -|- ^2~3~r (^-S)
cl I

It is not difficult to convert constants ko, ki, and ̂ 2 into electrical circuit model

by relating both sides of (5.9). Similar to the traditional diode model, ko is a

voltage source, and ki is a resistive element. The additional constant k2 is obtained

as inductive element by equating voltage quantities.

5.2.2 Equivalent Quasi-Resonant Link Circuit Analysis

Assume the inverter input current is a constant current source during the resonance

interval. Including the above device model, the complete quasi-resonant dc link

circuit can be modeled as Figure 5.3. The circuit is similar to that of Figure 3.2

except additional components ko, ki, and k2 representing a switching device.

The network equations of this circuit can be derived as

^>(0 ~ Ir{t){Rr + ̂l) H ^(Tr "k ̂ 2) + Vc{t) -\- ko (5.10)
a t

Ir{t) = Id + Cr^^ (5.11)
with initial states K(0) = 0 and /r(0) = Im-

Solving the above equations yields

Vc{t) = (K - IdK - ko){l - sin(a;t + 6)]
(5.12)

VT^

Ir{t) = Id-h e-"'[(/,, - Id) COSUt + iI<i + Im)Rr
"r

where
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Figure 5.3: Equivalent quasi-resonant link circuit.

R'j. — Rr -|- A:1

L; = Lr-I k2

a = R'J2L[

C = K/'^Zr

Wr = 1/yjL'^Cr = characteristic impedance

Zr = yJL/JCr = characteristic impedance

uj = Wrx/l — C — oscillation frequency

0 = cos ^ C = ^ ^ ̂

Similar to the analysis in resonant dc link circuit, the maximum and minimum

capacitor voltages can be solved by equating the derivative of the voltage equation to
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zero. Referring to Figure 5.1, the voltage at time ti is maximum, and the minimum

is at ̂ 3. The solution of maximum and minimum capacitor voltages are shown in

(5.14) and (5.15).

where

Vciii) = (K - IdRr - ̂o)[l - sin(t<;ti 0)]

^(/m - Id)Zr^-aU
vl -C

2V.-(J, + I„)K

VcHs) = (V, - /jH; - «:o)ll - sin(u.(3 + «)|

(5.14)

jim Jdl^T ̂ -aU
sm

(5.15)
 wl3

where

.  2^/rrp(/3 _
'= = '^+ 2v,-(/3+ /„)«;

where is modulated by the control circuit.

A numerical example is presented here with both analytical and experimental

results. Table 5.1 shows circuit parameters of a 60KHz quasi-resonant link system

where switch constants ko, ki, and k^ are obtained from the experimental results

(Figure 5.2).

Using the extreme case that Id = —Ipu, the maximum and minimum voltages,

Vc{t\) and Vd{tz)., can be plotted as functions of the initial current as shown in

Figure 5.4.

As explained in Chapter 3, in order to ensure zero voltage crossing, the voltage

Vc{tz) should be less than zero, and the initial current should be controlled in a

similar manner. For a negative inverter current {Id = —Ipu), the initial current

I-m = —0.65pu will satisfy the initial current requirement. Similarly, under no-load

condition, the initial current /„ = 0.35 pu will satisfy the requirement.
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Table 5.1: Circuit parameters of a 60KHz quasi-resonant link system.

86

Resonant inductor 21.2 fiE

Resonant capacitor Cr 0.328 pF

Resonant path resistance Rr 0.020 D

Switch equivalent voltage drop 0.8 V

Switch equivalent resistance ki 0.04 n

Switch equivalent inductance ki 0.8 pR

In practical circuit design, the initial current can be adjusted to a higher value

to prevent zero voltage crossing failure. An experimental setup and its results are

presented in the following section.

5.2.3 Experimental Results of a Quasi-Resonant Link Cir

cuit Under No-Load Condition

The experimental setup is similar to that of the previous resonant do link circuit.

The resonant link circuit parameters are shown in Table 5.1, and two additional

devices are

5c: IXGH40N60A (IXYS).

Dc : MUR3060PT (Motorola).

Figure 5.5 shows quasi-resonant link voltage and current produced by a 60 KHz

resonant tank with modulated frequency at 20 KHz. When the diode blocks the

resonance, the current stays zero and the link voltage remains constant. The overall

operation agrees well with the prediction of the circuit analysis and simulation.
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Figure 5.5: Quasi-resonant link circuit experimental results under no-load condi

tion.

The link voltage Vc remains twice the source voltage when the diode is blocked

and smoothly drops to zero when switch Sc turns on. This allows the inverter switch

ing under zero voltage crossing. Because the switching frequency is controllable by

modulating Sc, the PWM resolution can be high, and the performance can be opti

mized as described in following sections.

5.3 Current Initialization

To provide bidirectional initial current control, the qucisi-resonant link inverter

should include a current initialization circuit as does the resonant do link inverter.

Figure 5.6 shows the proposed PWM inverter for an ac motor drive using the quasi-

resonant dc voltage notching scheme with current initialization circuit.
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Figure 5.6: Quasi-resonant do voltage notching scheme with current initialization

circuit.

The MCT devices are shown as preferred switching elements although IGBTs

or BJTs can be used. The front-end diode bridge rectifier generates the DC sup

ply voltage V^. This voltage is applied to the current initialization circuit, Lr-Cr

resonant circuit, and the voltage notching control circuit before application to the

input of the three-phase PWM inverter. The resonant circuit, in conjunction with

the voltage notching control circuit, provides the quasi-resonant voltage notching

scheme.

Consider the proposed circuit as shown in Figure 5.6. The inverter input current
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Id can be positive (active mode) or negative (regenerative mode). When the transi

tion occurs from fully active mode to fully regenerative mode, the resonant voltage

Vc can be as high as three times the supply voltage V, as shown in Figure 5.4. In

order to avoid this voltage overshoot, the inductor initial current has to track the

inverter input current in both positive and negative directions [21,8].

The proposed bidirectional current initialization circuit is controlled by switches

S'r, Sa, and Sb as shown in Figure 5.6. If the positive initial current is required,

Sr and Sa on, the inductor current R increases at positive rate VgfLr. However, if

the negative initial current is required, 5^ and Sb on, C decreases at negative rate

— Vh/Z/r. The criterion of establishing the required initial current is based on the

previous analytical results shown in Figures 5.4.

In order to minimize the voltage overshoot and to ensure zero voltage crossing,

as indicated in Figures 3.5 and 3.6, the typical zone of Im. variation shows that the

initial current Im is always greater than the inverter input current Id by 0.35 p.u.

5.4 Optimized Control of Switching Frequency

Because the time interval of mode 2 is controllable, the switching frequency can

be adjustable. If a fixed switching frequency is required, the time interval can be

simply controlled by employing a fix delay circuit.

In an ac motor drive, this switching frequency can be further controlled by

minimizing the phase current ripple. Consider the block diagram of the inverter-fed

induction motor drive control system shown in Figure 5.7. The complete system

looks similar to Figure 4.4 except the resonant link inverter is replaced by a quasi-

resonant notch link inverter. The control of the additional quasi-resonant control

switch is not shown in the block diagram. With this control switch, however, the

PWM optimization can be possible. One of feasible optimized PWM methods is
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Figure 5.7: Block diagram of quasi-resonant voltage notch link inverter induction

motor drive.

described below.

Minimum Phase Current Error Algorithm The current error Alabc contain

ing three components Ala, Alf,, and Ale indicates phase current ripple. The current

ripple, causing additional machine heating must be minimized. To minimize phase

current ripple, an optimized control algorithm of switching frequency has been de

veloped by regulating the time interval tj. The algorithm is described below.
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Define the performance index as the sum of current error square cr.

T = S[(/, - j;)' + (h - ry + (I. - nf] (5.16)

Selecting an error criterion cr*, the control of voltage notch is based on

the comparison result of cr* and actual cr. The diode Dc blocks the

resonance, and the switch Sc resumes the resonance whenever a > cr*.

Figure 5.8 shows the control block diagram of voltage notching and current

initialization circuits. The resonant frequency is designed at 100 KHz, but the

inverter switching frequency is regulated by the error criterion cr*. The complete

inverter-fed induction motor drive control system has been formulated and simulated

on a computer using SIMNON.

5.5 Simulation of Quasi-Resonant DC Link In

verter System

Figure 5.9 shows simulation results of the quasi-resonant notch link voltage and

currents where the error criterion is selected as a* = 16. This implies that the

maximum absolute phase current error is less than 4 A, or the maximum ripple

current is 4 A. The dc link voltage Vc periodically creates a notch, and the notch

frequency is regulated by controlHng phase current error criterion.

The overall switching frequency in this case is about 50 KHz. To show the superi

ority of this scheme, the simulation result of the current ripple has been compared to

that of the ordinary 50KHz resonant link inverter system (Figure 4.6). Figure 5.10

shows simulation results of three-phase actual and reference currents obtained from

the proposed resonant-notch link system.

To quantize the performance of the proposed system, the sum of current error

square over a fundamental cycle with 10/isec sampling time is compared to that
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of the ordinary resonant link system as shown in Table 5.2. The sample data are

obtained from simulation results of both resonant link and quasi-resonant link sys

tems.

With higher resonant frequency but the same level of switching frequency, the

proposed quasi-resonant notch link converter system significantly reduces phase cur

rent ripples.

Phase current error square a phase A phase B phase C

Proposed resonant notch link system 1575.4 1649.9 1592.4

Ordinary resonant link system 3313.6 3333.3 3402.3

5.6 Experimental Results Under Loaded Condi

tion

Using a simple delay control, the preliminary experiment of the quasi-resonant link

inverter under loading condition has shown successful operation at low power output.

Figure 5.11 shows experimental results of quasi-resonant link current and voltage

under loading condition.

The inverter input current alternatively changes between positive and negative,

but the link voltage remains constant. As mentioned in Section 5.4, the pulse width

can be optimized by least error square method. With controllable pulse width,

the potentiality of the quasi-resonant link system for practical applications will be

much greater than that of the resonant link system. Figure 5.12 shows l.SApeajt load

current at 20Hz fundamental frequency.
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Source voltage = 19U
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Figure 5.11: Experimental quasi-resonant current and voltage under loaded condi

tion.
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Upper trace - phase current at 20 msec/div

Lower trace - phase current at 5 msec/div

Resonant frequency - 60 KHz

Switching frequency - 22 KHz

Source voltage Vg = 19 V

2 HP induction motor load at 1.8 Apeak phase current

Figure 5.12: Experimental phase current of quasi-resonant link inverter for induction

motor load.
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The upper trace shows five cycles of a phase current, while the lower trace is

expanded from one of the five cycles. To simplify the experiment, the quasi-resonant

switch is controlled by a fixed frequency delay circuit so that the 60 KHz resonant

frequency is regulated to 22 KHz. When comparing to experimental results of the

25KHz resonant link inverter (Figure 4.9), the current ripple is significantly less in

the 22KHz quasi-resonant link inverter. With less switching, smaller passive com

ponents, and lower current ripple, the quasi-resonant dc voltage notching inverter

presents superior performance and great potential for industry applications.



Chapter 6

Simulation Program Design

The complete resonant/quasi-resonant link inverter-machine speed control system

has been modeled and simulated on an IBM PC-AT compatible computer PEP301

using PC-SIMNON. SIMMON is a simulation package for solving differential and

difference equations. The package has weU-defined commands for dynamic system

description, user-interface, and graphics.

The dynamic system can be described in differential equations for continuous

systems and in difference equations for discrete systems. In SIMMON, two differ

ent systems can be modeled individually and linked together for complete system

simulation. This feature is very convenient for power electronics system simulations

because a power electronics system normally combines with several continuous and

discrete subsystems.

For the resonant link inverter system, the SIMMON simulation diagram can be

represented as shown in Figure 6.1. The continuous subsystem is represented by

(C), and the discrete subsystem is represented by (D). Each subsystem contains

input and output signals.

99
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Id Ip (D)
* abcV. u>

reson (C) inv (D) im (C)

Id > Id

51,3,Vd = 0

(D)latch 1 amux abc
mono

(D)D

CLKSTB
abc

as

vet (C)

Figure 6.1; Block diagram of resonant link inverter drive for SIMNON simulation.

The function of each subsystem is listed below.

1. reson - the resonant link circuit with current initialization control. This block

will be replaced by "modu" in the quasi-resonant voltage notching link in

verter.

2. inv - a hysteresis band inverter controlled by zero-crossing pulses.

3. im - a 3-phase 5-HP induction motor modeled in dq equivalent circuits.

4. amux - a multiplexer circuit performing initial current prediction.

5. Ip - a loop brealc to prevent SIMNON connection looping.

6. mono - a single shot generator to produce a short pulse at the beginning of

the zero voltage crossing.
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7. latchl - a latch circuit to hold the condition that Id > Id.

8. vet - a vector transformation to transform axis currents into three-phase

reference currents.

The complete simulation program code listing is shown in Appendix A. Before

writing the SIMMON program code, each subsystem has to be modeled. The form of

modeling may be in mathematical equations or in circuit diagrams. For Figure 6.1,

the mathematical model of the blocks "reson" and "amux" have been described

in previous chapters. This chapter will discuss how to model the hysteresis band

inverter, induction motor, and other circuit elements.

6.1 Modeling of a Hysteresis Band Inverter

The inverter consists of six switches for a three-phase bridge circuit. Each switch

contains an IGBT and an anti-parallel diode. Although the switching device has

finite turn-on and turn-off time, it is not necessary to model device switching behav

ior for circuit topology study. An ideal switching device with zero switching time

should be sufficient for the system-wide study. The device conduction voltage can

also be neglected in inverter simulation. The control of the hysteresis band inverter

can be simply modeled as a comparator with hysteresis feedback. Figure 6.2 shows

one leg of inverter control circuit diagram. Comparator input signals are phase A

reference and actual currents /* and and the output (A) is fed into a D-type flip

flop for latching. Using a synchronous signal (CLK) generated from zero voltage

crossing circuit as the clock of the D-type flip flop, the inverter control becomes

integral cycle PWM (IPWM).
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CLK

Qa
A

on^

Figure 6.2: Circuit model of a hysteresis band inverter.

The output of the comparator (A) is a TTL signal. In SIMNON simulation, the

TTL signal can be simply represented by either 0 or 1. Output signals of the D-type

flip flop {Qa and Qa) directly feed into gate drive circuits, where Qa controls the

upper leg, and Q^ controls the lower leg. Figure 6.3 shows the circuit diagram of

the D-type flip-flop.

CLK

Q Qama

A

Q Ra A Qana

Figure 6.3: Circuit model of a D-type flip-flop.
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6.2 Modeling of Induction Motor

The dynamic model of the induction machine is nonlinear and is in high order. In

order to correctly describe the induction machine, a dq equivalent model at syn

chronous rotating frame [6] has been studied and simulated to verify the modeling

effectiveness. Figure 6.4 shows dq equivalent circuits of the induction machine at

synchronous rotating frame.

{(Jje - u;r)rpdr
^  + iaw—r j-

<^eVd
R^qs "f z" N.
w w

It

(a) q-axis circuit

^e'^qs n
ids f  J \AA

(Wg
Llr Rr - idr
W W ( V

It

(b) d-axis circuit

Figure 6.4: Induction machine dg equivalent circuits at synchronous rotating frame.

The notations are defined as

ipqs LlgiqS -|- Ljni^iqs "1"

ipqr — LlflqV -|- Lmilqg -|- fgr);
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'^ds — Llgl^S -f- "l" idr)i

tj^dr ~ Lirtdf' "H "I" idr^i

uje = supply angular frequency,

u>r = rotor angular frequency,

and Rg, Lu, Rr, Li^, and are machine parameters.

The state equation is derived from the above dq equivalent circuits for SIMNON

simulation.

^ ̂ [Tr LrRgtqg {uJgLrLg LOglL^^l^g

~\'UJgRy'lqr

~  i^eLrLg — UglL^)iqg — Rgids

-\-UJrLj-LiYn,iqT 4" -hfjiRridr]

d Z r 2
^^ ^m^s^qs "l~ ̂ v^mLgids

LgRr^qr "I" if^e^ra

^ ̂ ^rLffiLgiqs LjjiRgtds

(u^e-^Tn ^slLrLg^lqy LgLj-idr]

%= (T.-nyj

Te 4 [^miidriqs ^jr^ds)]

where

Lk =
LsLr - LI

Ugl = Ue - Ur

Tg = generated torque

(6.1)
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Tl = load torque

J = inertia

P = number of poles

6.3 Modeling of Some Circuit Elements

In Figure 6.1, the blocks "reson", "inv", and "im" contain main circuit elements

and most of the system dynamics. There are five state variables in "im" and three

in "reson." The inverter model is discrete which takes less simulation time although

it contains more state variables. Some small circuit elements are included in for

control purposes. The function of "latchl" is the same as a D-type flip-flop and will

not be discussed again. Modeling of other circuit elements will be presented in this

section.

6.3.1 Loop Break

In connecting all subsystems, SIMNON complained of a loop caused by dc link

current connection. This can be solved by adding a simple filter circuit to break the

loop. The difference equation of the filter is expressed in (6.2).

y{k + l) =0.9yik) + 0.ll',
(6.2)

Uk) = y{k)

III means the inverter input current from the inverter side, and Ij, represents the

inverter input current at the resonant link circuit side. y{k) is the state variable at

time k, and y{k -1-1) is at time A; -f-1. With sampling time 1 x 10~®, the small loop

break solves the SIMNON connection problem.
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6.3.2 Single Shot Generator

When the resonant voltage drops to near zero, a pulse needs to be generated for the

inverter clock and other latching purposes. This can be implemented by a single

shot generator circuit. The simulation diagram of the single shot generator is shown

in Figure 6.5(a).

The clock signal CLK is always zero with the exception of a short pulse which

occurs at the beginning of zero voltage crossing. This pulse width is adjustable

by changing the sampling time of the program. Figure 6.5(b) shows typical signal

waveforms of the single shot generator.

caseO(k)

delay

caseO

fy—1
Z

= 0)

CLK

caseO(k-l)

CLK

(a) (b)

Figure 6.5: Circuit Model of a single shot generator.

6.3.3 Vector Transformation

Normally the reference dq currents are obtained from a vector control loop as shown

in Figure 4.5. For only one fundamental cycle study of the resonant link inverter

system, this loop can be excluded. The single cycle dq reference currents and I*

can be obtained from a steady-state study and fed into the SIMNON program.

The vector transformation requires the speed signal to generate sinusoidal refer-
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ence phase currents. There are two stages of transformation: (a) from synchronously

rotating frame to stationary reference frame, (b) from stationary reference frame to

three-phase [5].

The relation between synchronous rotating frame and stationary reference frame

can be expressed as

= i'dscosujt - i*^sinut

= ids sin + cos Lut

where and represent stationary reference frame currents.

For three-phase currents, the conversion becomes

(6.3)

z  = z
a  qss

ib = -^^*qss - ̂̂ dss (6.4)

il = +Ytss 1" '^^dss



Chapter 7

Hardware Circuit Design

The hardware circuit design for the proposed resonant link inverter with bidirec

tional initial current control is based on the algorithm described in Chapters 4 and

5 and the SIMNON simulation program. The actual design value may be different

from the simulation study because of the limitation of the component availability.

The whole system is separated into several levels. The bottom level of the system

is a heat sink with power devices and their connections. Above the power devices are

the gate drive circuit and gate drive power supplies, mounted on a wire-wrapping

board. The current sensors are embedded between the power circuit connections and

emerge from the wire-wrapping board. The control circuit sits on top of the gate

drive circuit along with the connections for gate control signals and sensor signals.

The top level of the system consists of a F/V converter circuit, some isolation

circuits, and two voltage sensing circuits. The motor speed feedback is connected

to the F/V converter circuit through an isolation amplifier to the computer data

acquisition system. Two computer output signals are connected to the control circuit

through isolation circuits.

Figure 7.1 shows the photograph of the complete hardware experimental setup.

The inner part is a heat sink with power devices and gate drive circuitry on the top,
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Figure 7.1: Photograph of the experiment setup.



Chapter 7. Hardware Circuit Design 110

and the outer part is a control circuit with sensor and isolation circuit on the top.

Shielded wires connect two sections:

1. Between the gate drive circuitry and the control circuit.

2. Between the isolation circuit and the computer data acquisition system.

The computer is not shown in the picture.

The right hand side of the experimental setup is the measurement system. Fig

ure 7.2 shows the photograph of the resonant link inverter induction motor drive

experiment measurement. The upper oscilloscope (TEK 2267) shows resonant link

current and voltage, and the lower oscilloscope (Lecroy 9400) shows motor current

and line-to-line voltage. Below the two oscilloscopes is a TM5006 box with three

plug-in current probe amplifiers AM503.

7.1 Power Circuits

Using IGBTs as power switching devices, two power circuits have been constructed

for resonant do link and quasi resonant do voltage notching inverters. By shorting

the additional control switch, the second system can be easily switched back to the

resonant do link system. Figure 7.3 shows the complete power circuit along with

voltage and current sensors for the resonant dc link inverter.

The ac source, obtained from a three-phase autotransformer, supplies a bridge

rectifier {Da) to yield a dc power which is filtered by capacitors {Ca and C'a). The

larger capacitor Ca filters low frequency ripples while the high-(5 capacitor C'a filters

high frequency ripples. Diode Db and capacitor Cb constitute an auxiliary source

to provide negative initial current control.

Sa and Sb are bidirectional initial current control switches. When a negative

initial current is required, Sb is on and Sa is off. Because the on-time of Sb is
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very short (typically 2 ~ 5 //sec), the gate drive must be designed for short pulse

operation. However, Sa operates for a long duty cycle and is in series with the

resonant link circuit which requires a higher gate drive voltage to reduce voltage

drop of IGBT. Both Sa and require isolated gate-to-source voltage.

The resonant inductor Lr and the resonant capacitor Cr constitute the resonant

link circuit. The inductor Ly is made of a Litz wire to avoid resistance increase

in high frequency and is on an air core to avoid saturation. The capacitor Cr

(polypropylene) is near ideal with .02% dissipation factor. Detailed design data of

Lr and Cr are shown in the laboratory notebook [23].

The switching device is MOSIGT IXGH40N60A rated 600 V and 40 A [52].

Maximum specifications of the switching characteristics and experimental results

are listed in Table 7.1.

Table 7.1: Switching characteristics of IXGH40N60A

Switching time max. spec. actual test

^d{on) turn-on delay time 100 nsec 70 nsec

tr rise time 200 nsec 100 nsec

id(ojf) turn-off delay time 1 //sec 500 nsec

fall time

resistive 0.5 //sec 0.3 //sec

inductive 0.8 //sec

^ The measurement of this value is affected by load inductance,

diode reverse recovery time, and snubber circuit.

The total switching time should include gate drive circuit delay. For IR2110 gate

drive, turn-on delay is 130 nsec, and turn-off delay is 100 nsec.

The voltage divider uses high resistance and low capacitance network RlOl,

R102, ClOl, and C102 with 100:1 ratio. The amplitude and phase responses had
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been tested with satisfactory results. A voltage follower UlOl is employed to reduce

output impedance. The zero crossing is detected using an ultra high speed com

parator NE529. Because the device has a conduction voltage drop, the zero crossing

does not need to be exactly zero voltage. In Figure 7.3, the zero crossing voltage is

generated by an amplifier IC U102 and is adjustable by trimming R113 where the

zero crossing reference voltage is generated by another voltage divider IC U102.

For do current detection, a 0.01 fl current sense resistor Rd is inserted into

the inverter input bus. A resistor-capacitor network and amplifier circuits U104 and

U105 are used to filter high frequency noise and obtain a transform ratio of lA/O.lV.

Figure 7.4 shows test results for current sense resistor and amplifier circuits. The

lower trace is the reference input current, and the upper trace is the output response.
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Figure 7.4: Experimental results of current sense resistor and amplifier circuits.
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For ac current detection, high frequency ferrite CTs are used with current-voltage

transform circuits. Three CT circuits detect

1. resonant capacitor current - C71-|-U131A-f-U132,

2. phase A current - CJa-|-U141A-t-U142, and

3. phase B current - CTb-|-U143A-|-Ul44.

All current/voltage transform ratios are lA/O.lV. The inductor current A is the

sum of the resonant capacitor current and the inverter input current Id and is

obtained from the summing circuit U105B.

Figure 7.5 shows the complete power circuit and sensor conditioning circuits of

the quasi-resonant do voltage notch link inverter. The circuit structure is the same

as Figure 7.3 with the exception of one additional switch pair Sc - Dc. In order to

avoid power circuit noises, this circuit uses a Hall sensor for dc current sensing. The

comparator output is also isolated from the power circuit. The offset voltage of the

Hall sensor is very sensitive to temperature variation and an additional conditioning

circuit must be added to compensate for such variation.

By shorting Sc, this circuit becomes a resonant dc link inverter. To avoid the

skin effect, the inductor Lt is made up of a Litz wire consisting of 260 strands of

gage #35 wire. Two inductors at 18.2 //H and 21.2 pH. values have been tested.

When using 18.2 //H, the resonant frequency is 65 KHz while the 21.2 pR gives 60

KHz.

The resonant capacitor Ct consists of four high voltage polypropylene Orange

Drop capacitors SBE716P600V [58]. Each capacitor is rated at 600 V, 8 Arms, and

0.082 p¥ with less than .02% dissipation factor.
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7.2 Gate Drive Circuits

As mentioned in Section 7.1, all switches operate under different conditions. Sa

operates in a long duty cycle, Si, and Sr operate in short pulse, and Si ~ Se operate

in integral cycles, 40 psec for 25 KHz and 16.6 psec for 60 KHz. Those switches

requiring an isolation gate drive voltage are Sa, St, Sc, Si, S3, and S5. Traditional

transistor gate drive circuits are simple and fast but lack isolation. Transformer

isolation is good for integral pulse operation but not for long duty cycle because

the transformer will not hold dc voltage. A recently released new gate drive IC

IR2110 using a bootstrap technique to solve the isolation problem has been tested

with satisfactory results. An essential condition of all gate drive circuits is the TTL

interface. Several gate drive circuits which have been built and tested are described

below.

7.2.1 Gate Drive Circuit Using Transistors

Figure 7.6 shows a complementary transistor gate drive circuit capable of sinking or

sourcing approximately 0.8 A. The choice of transistor is based on switching speed

and current capability. The transistor pair 2N2222A and 2N2907A are commonly

used. The transistor pair 2N3725 and 2N3467 can be alternative choices.

A simplified calculation for transistor current in the switching operation is shown

as the following numeric example [49].

Calculation of Transistor Gate Drive Current

For a typical IGBT the specifications are Cos = 5000 pF, Cdg = 70 pF, Vqs =

15V, and Vj^s = 300 V. Assume the gate-to-source voltage is linearly charged in 200
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Figure 7.6: Gate drive circuit using transistors.

nsec. The average of current pulse can be calculated as

la, = Ca.fGS
tf

^ 5000 X IQ-^^ X 15
200 X 10"®

= 0.375 A

Further assume that the gate-to-drain capacitance is discharged simultaneously.

This gives

la, = ̂nqVns
ir

^ 70 X 10-" X 300
200 X 10-9

= 0.105 A

The two currents sum up to 0.48 A in this example. Transistor 2N2222A with

collector current 0.8 A is sufficient to handle the gate current sourcing. In fact, for

zero voltage switching the second current can be neglected. Similar calculations can

be done for current sinking.

In a driving transistor base, a TTL inverter 74AS00 (or 74AS04) and a CMOS

driver DS0026 provide an interface to the control circuit. This can be simplified

using a single driver device or an operational amplifier.
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7.2.2 Gate Drive Circuit Using IR2110

The advent of IR2110 largely reduces an engineer's effort in designing a gate drive

circuit for MOS gate devices including all power MOSFETfamilies and IGBTs. The

peak output current can be as high as 2 A. A bootstrap technique has been used to

solve isolation problems on the high side of half bridge power MOSFETs or IGBTs.

Figure 7.7(a) shows the internal structure of IR2110 [50]. The high side input signal

Hin passes through a Schmidtt-triggered CMOS logic and a pulse generator to a

level-shifted output. The voltage Vbs is booted by an external diode Dboot a

capacitor Cboot as shown in Figure 7.7(b) [51]. A small resistor Rboot is normally

in series with the diode to limit the rate of voltage rising on Cboot and to prevent

possible spurious high side output.

The design of external components depends on the gate charge current, switching

frequency, switching device on-time, and quiescent current of IR2110. A simple

procedure of designing external Dboot-, Rboot-, and Cboot for IGBT application

is shown as below.

Design Procedure for IR2110 Gate Drive Circuit

Consider a typical IGBT.

Gate-to-source capacitance Cos = 5000 pF,

Gate-to-source voltage Vgs = 15 V,

Gate-to-source threshold voltage Vgs(<a) = 5V,

Switching frequency / = 25 KHz,

Maximum on-time ton = 400 psec.

The quiescent current Iqbs of IR2110 is given as 500 //A.
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Figure 7.7: A new gate drive IC IR2110 using bootstrap technique.
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The average current carried by Dboot equals sum of the gate charge current of

IGBT and the quiescent current of IR2110, that is,

Ibs = Iqbs-h Igs (7.1)

or

Ibs = Iqbs + Qg f

= Jqbs + Cos Vgs f

= 0.5 X 10-3 + 5000 X 10"" X 15 X 25 X 10^

= 2.3 mA

This current determines the rating of Dboot and Rboot- A typical 10 fl, 1/4

W resistor and a 1 A ultra fast recovery diode such as Motorola MUR160 will be

sufficient for most applications.

The design of Cboot depends on the gate-to-source threshold voltage. Assume

the initial charging voltage is 15 V. The capacitor should prevent voltage drop to

where Vgs would be higher than Vgs{th)- Since the voltage drop across the IR2110

output buffer is 1 V, the bootstrap voltage Vbs must be kept above Vgs{th) + 1 = 6

V. This means the voltage drop of Cboot during switching and conduction should

be less than 15 — 6 = 9 V. The voltage drop caused by turning on IGBT can be

calculated by

Av;„ = (7.2)
t^BOOT

The voltage droop during steady-state conduction drawn from Cboot is

AKn = (7.3)
t^BOOT

Thus the total voltage drop of Cboot is

_ Qg + Iqbs to
Cboot

(7.4)
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For 400 psec maximum on time of IGBT, the bootstrap capacitor can be calcu

lated by
^  _ Qg + iQBOroOT — \ ̂_ Qg + IqBS to
'BOOT =

_ 5000 X 10-" X 15 -I- 0.5 X 10"^ x 400"^
-  F

= .031 pF

Figure 7.8 shows the gate drive circuit using IR2110 with the above calculated

results. In this circuit, the TTL circuit using 74AS00 is to serve as a buffer, and C\

and C2 are bypass capacitors. The circuit has been built and tested successfully up

to 250 KHz operation.
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Figure 7.8: Gate drive circuit using IR2110.

Table 7.2 shows a comparison of test results and specifications for low side chan

nel. The test results are worse than those of maximum specification because of

higher loading.

maximum specification test results

td(on) turn-on delay 110 nsec 130 nsec

td(off) turn-off delay 90 nsec 100 nsec
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7.2.3 Gate Drive Circuit Using Pulse Transformer

A pulse transformer directly isolates the gate-to-source voltage. A positive pulse

charges up gate-to-source capacitance Cos to turn on IGBT while a negative pulse

quickly discharges Cqs to turn off IGBT. This approach is simple, but the trans

former design largely limits the duty cycle and switching frequency. Figure 7.9

shows a gate drive circuit using pulse transformer Tl. The designed data of the

pulse transformer is shown in Table 7.3.
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74AS00 ClOO
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-►f-
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ZRF0113

Figure 7.9: Gate drive circuit using pulse transformer.

Table 7.3: Designed data of the pulse transformer
Core: Ferroxcube 3E2A 266CT125 [47].

Winding: 30 AWG TEFZEL insulation bifilar, 12 turns, 1:1 ratio.

Because the turn-on speed of the pulse transformer drive is very fast, the lead

length from gate drive to the IGBT must be as short as possible. Figure 7.10(a)

shows an oscillation of gate-to-source voltage when the gate drive outputs connect

through a 1.5 inch lead to IGBT. The peak voltage of approximately 30 V will easily

damage IGBT. After the lead is cut to less than 0.5 inch, the ringing disappears as
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(a) Gate drive output response when the gate lead is longer than 1.5 in.
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(b) Gate drive output response when the gate lead is shorter than 0.5 in.

Figure 7.10: Gate drive output responses using pulse transformer.
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shown in Figure 7.10(b). Notice that the measurement is taken from a Tektronix

7854 storage oscilloscope and is recorded using a PEP301 controller through a GPIB

interface.

7.2.4 Gate Drive Circuit Using a Single CM05 Driver

For higher power devices, the gate drive should be able to handle more charging

and discharging currents. Recently some new CMOS gate drivers have become

available for higher current handling capability. Some devices such as IXLD429 and

IXLD4429 [53] or TSC429 and TSC4429 [63] can allow peak current at 6 A. A gate

drive design using IXLD429 is shown in Figure 7.11.

R30
lOK

U30B U30C

74HC14 74HCi4
. C30

lOOpF

SI
TTL input

—►

TTL input
^

ISV

D31
lN444e

R33

r-:iU31A
IXLD42S
3

♦ Cil

1CluF 32 C33
4.7uF47uF

D32
iN444e

R32
270 .

=

R34

U3iB
XXLD426

i*8R36 R37
i.2K

IXGH60N60A

♦ CSS
^ iuF

D35
1N474S5 U35

XXLD429

Uppvr L*9

i*8R39
1.2K R40

ICS/VVA

+ €36
luF

D36
1N4746U36

IXL0429

r  ISOi
-^N 740L60il

S4
ZXCH60N6GR

rv^l/ IS04
740L6Qil

Cb> Lower Leo

Figure 7.11: Gate drive circuit using CMOS gate drivers.
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The single chip IXLD429 provides a 6 A peak drive current and 25 nsec rise/fall

time with a 2500 pF load. An optocoupler 74OL6011 [48] provides isolation between

the gate drive and the control circuit. Total turn-on or turn-off delay is about

100 nsec. An RC circuit associated with a Schmitt trigger inverter 74HC14 [61]

generates 1 MHz oscillating frequency for upper leg isolated dc-to-dc power supply.

When switching at 100 KHz, the gate drive consumes less than 100 mA.

Figure 7.12 shows the experimental result of gate-to-source voltage (V^a) response

of IGBT (IXGH60N60A) using CMOS gate driver (IXLD429). The upper trace

shows the gate-to-source voltage, while the lower trace shows the TTL gate input

signal. Although the turn-on rise time is fast (about 100 nsec), the turn-on delay

is long (about 200 nsec). This turn-on delay includes both the optoisolator and the

CMOS gate driver. The turn-off fall time is about 1 psec with the same 200 nsec

delay.

ibibibbbm

Figure 7.12: Gate-source voltage response of IGBT using CMOS gate driver.
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7.3 Control Circuit

Figure 7.13 shows the complete control circuit of the bidirectional initial current

controlled circuit with hysteresis band PPFMcircuit.

The zero voltage crossing signal STB triggers a 0.1 fisec CLK signal through IC

U212A. U212B generates a 1 //sec minimum on-time for the shunt switch Sr- The

initial resonant capacitor current is determined by a reference voltage divider (R20S

and R209) and a voltage follower U203A. The initial current prediction is imple

mented by a CMOS analog multiplexer U208. The comparator U210B determines

positive or negative initial current, and the comparator U21GA determines switching

condition.

When a positive initial current is requested by U217A (pin 5), Sr turns on until

Ir > with a 1 psec minimum on-time controlled by U212B.

When a negative initial current is requested by U217A (pin 6), a 4 psec minimum

on-time pulse generated by U216A ensures Sb gate drive will not be latched-up.

U216B generates a 8 psec maximum on-time pulse to prevent unusual switching.

The signal S'f, is fed into the lock-out circuit described in Section 7.3.2.

An overcurrent protection circuit is added to prevent fault condition. When there

is a short circuit or fault condition causing current to be over 50 A, the protection

circuit will turn off all gate signals to protect power devices.

7.3.1 Control Circuit for the Quasi-Resonant Switch

The only difference between the resonant link circuit and the quasi-resonant link

circuit control is the additional switch for the quasi-resonant control switch - Sc of

Figure 7.5. The optimal control algorithm for the quasi-resonant link inverter can

be implemented by three multipliers, a summing circuit, and a comparator circuit.

However, a simple delay circuit can quickly prove the concept of the quasi-resonant
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link inverter. Figure 7.14 shows a simple delay circuit for quasi-resonant switch

control.

>
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R501
50K

R502 >501
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74AC^2

R504
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Figure 7.14: Schematic for quasi-resonant control switch circuit.

The circuit employs a 74LS221 single shot circuit to generate the delay, and a

dual-in-parallel (DIP) switch to change the operation mode. When the switch S2 of

the DIP is on, switch Sc is under the delay circuit control while turning off S2 will

return the circuit back to resonant link inverter.

7.3.2 Lock-out Circuit

Switches Sa and St, cannot be switched simultaneously, and a lock-out circuit is

required to prevent shoot-through. Figure 7.15 shows a lock-out circuit for switches

Sq and Sf,*
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Figure 7.15: Lock-out circuit.

The pulse width of single shot generators U13A and U13B can be adjusted by

trimming potentiometers i?2i and i?22- The lock-out time is then controlled by single

shot outputs. The network consisting of UllA-Rll-Cll-Dll-UllB is a deglitch

circuit.

7.4 F/V Converter Circuit Design

The speed feedback through the encoder is high frequency pulse signals. Because

the sampling rate of the computer data acquisition is not fast enough to count high

frequency pulses, a frequency-to-voltage (F/V) converter is used to convert high fre

quency pulses to linearized voltage. The F/V converter selected here is XR2917 [46].

The complete F/V converter circuit, including amplification and isolation, is shown

in Figure 7.16.
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Figure 7.16: Schematic for F/V converter with isolation circuit.

The maximum input frequency is designed at 100 KHz. Because the input of

the F/V converter must be ac, a simple level shifting stage has been added to the

circuit by using high frequency operational amplifier LM6361 [57]. To reduce the

noise level of the data acquisition system, the output of the F/V converter Vo2 is

magnified by a non-inverting amplifier OP-27 [56].

The output of the amplification stage Voi goes into an isolation circuit which

separates the motor speed signal and the computer signal. The gain can be adjusted

by R70, and the offset can be trimmed by R71. After careful trimming, the highly

linear output presents up to 90 KHz as shown in Figure 7.17. The upper trace shows

the output of the isolation amplifier U72, and the lower trace shows the output of

the F/V converter U62.
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Figure 7.17: F/V converter output.

In order to see the delay of the F/V converter, the step responses were measured

as shown in Figure 7.18. The experimental results were fed into an identification

program to find the transfer function of the converter circuit. Using the first-order

approximation, the transfer function was solved as shown in (7.5).

1 X 10" (V)
G(s) (7= .5)

1 -f 0.1355 (Hz)

The approximation results are also shown in Figure 7.18. It can be seen that the

model is precisely estimated by the first order transfer function.
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Figure 7.18: Experimental and approximated step responses of the F/V converter

circuit.

7.5 Isolation Amplifier Circuit Design

The F/V converter has isolation between the F/V converter circuit and the computer

A/D input. Similarly, an isolation is added between the computer D/A outputs and

the control circuit as shown in Figure 7.19. Two input signals from computer D/A

ports INl and IN2 are fed into isolation amplifiers U42 and U43. With 1:1 amplifying

ratio, output signals OUTl and 0UT2 are connected to the control circuit.



Chapter 7. Hardware Circuit Design 134

LSI
lOOuH

U41

■•■12V
L41 Vin

L52
1

lOOuH

lOOuH '•■12V-12V

3;
T' C42 ^ C41t.Tur 1 4,7mFC51

4
luF

4 C52
. luF

U42

:r
E C43

Q.AvrINl
OUTl

C44
/C4S
SSSM

C46
luF

IS0102^ CSS

4 CS4
. luF

U43

E C47
OUuEIN2

0UT2

048
^048 cso

UuF
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Speed Control System and Software

Design

The induction motor speed is controlled by a microcomputer system. This system

comprises a 16 MHz clock 80386 CPU ̂ PC-AT compatible personal computer -

PEP-301 ̂ and a 40MHz clock TMS320C25 CPU^ data acquisition system - DSP-

16 The PEP-301 serves for user interactive interface and program development

while the DSP-16 does most computations and data I/O.

The complete computer speed control system block diagram for resonant dc link

inverter or quasi-resonant dc link inverter drive is shown in Figure 8.1.

The data acquisition system includes two channel analog-to-digital (A/D) inputs

and two channel digital-to-analog (D/A) outputs. Both input and output signals

are filtered by 20KHz anti-aliasing low pass filters. Only one input channel is used

'Trademark Intel Corp.

^Trademark of Tektronix Inc.

^Trademark of Texas Instrument Inc.

''Trademark of Ariel Corp.
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Figure 8.1: Computer speed control system for resonant link inverter drive.
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for speed feedback while two output channels are feeding reference current signals

into the resonant link inverter.

The sampling rate is programmable. While the highest sampling rate is 50 KHz

per I/O channel, this program sets both input and output sampling rate at 15 KHz

to allow more computation and communication time.

Since the TMS320C25 does not support floating point computation, the program

design requires some parameter scaling. With special pipeline CPU structure, how

ever, the digital filters can be implemented in very efficient codes. The complete

TMS32QC25 assembly program is listed in Appendix B.

8.1 Data Input and Output

There are 16 7/0 ports in TMS32025, numbered from 0 to 15. The DSP-16 nses port

0 as an analog/digital (A/D) input and port 13 as a D/A output. The handshaking

can be performed by port 10 - reading data from PC; port 15 - writing data to PC;

and port 14 - host I/O port status. Both A/D and D/A are interrupt driven. This

section will discuss interrupt service routine design and I/O scaling.

8.1.1 Interrupt Service Routines Design

The TMS320C25 has three external maskable user interrupts (/A^PO ~ INT2).

By changing the value of the Interrupt Mask Register (IMR), the desired interrupt

can be obtained. Whenever the interrupt is enabled, the interrupt service routines

will be executed following certain priorities. The interrupt memory locations and

priorities are shown in Table 8.1.

The program starts from memory location 0 to initialize operation modes and to

load system parameters. Interrupt 0 is not used here. The DSP-16 board employs



Chapter 8. Speed Control System and Software Design

Table 8.1: Interrupt memory locations and priorities

138

Interrupt

namp

Memory

Inra.t.iriTi

Priority IMR bit Function

M 0 1 (highest) - external reset signal

INTO 2 2 0 external user interrupt ̂  0

INTl 4 3 1 external user interrupt # 1

INT2 6 4 2 external user interrupt ̂  2

TINT 24 5 3 interrupt timer interrupt

RINT 26 6 4 serial port receive interrupt

XINT 28 7 5 serial port transmit interrupt

RINT as the input interrupt and INTl and INT'2 as the output interrupt. With

IMR bit locations 4, 2, and 1 corresponding to RINT, INT2, and INTl, by loading

22 (2^ + 2^ + 2^) into IMR, the program will execute the instructions at memory

locations 4, 6, and 26 whenever the interrupt is enabled.

Using the same input and output sampling frequency, the interrupt service rou

tines will be executed at every sampling period without conflict. The interrupt is

only disabled during initialization and PC bus requesting communication.

8.1.2 Input/Output Scaling

The analog signal in DSP-16 ranges from —10 V to -l-lOV, and the digital rep

resentation is from —32768 to 32768. The input signal flow diagram is shown in

Figure 8.2. Before scaling the input speed signal, an experiment must be done to

observe signals at each stage.
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Figure 8.2: Input signal flow diagram.

The speed signal of F/V converter output is from —1 V to +1 V which is am

plified from —10 V to -flO V to reduce noise corruption in the A/D converter.

By recording several motor speeds and their corresponding A/D input voltages as

shown in Figure 8.3, a linear regression result was found to be 10 V=1412 rpm or

32767=1412 rpm.

According to the above relationship, each input data divided by 23.2 will be the

motor rpm speed. For a 4-pole machine, the rpm speed equals 30 times the electrical

frequency. Thus, the scaling factor for frequency versus speed becomes 1 Hz/696.

The output signal scaling is easier because the current and voltage conversion

ratio has been well-defined in hardware circuit. The current/voltage ratio is 1 A/0.1

V, which corresponds to 1 A/327.67 for 10 V full scale.

8.1.3 Handshaking Design

The communication between PC and DSP-16 requires handshaking. This means

both sides should be available for data transmission. The I/O port 14 on DSP-16

is designed for the status of the PC bus. Bit 0 of port 14 tells the status that PC

is going to send data while bit 1 tells that PC is ready to receive data. Thus, the

handshaking can be simply implemented by checking this port and waiting for the

availability of the PC.

The procedure of reading data from the PC can be summarized as
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Figure 8.3: Motor speed and A/D input signal regression.

1. Check bit 0 of port 14.

2. If it is 0, go back to check.

3. If it is 1, get data from the PC by reading port 10.

Similarly, the procedure of sending data to the PC can be summarized as

1. Check bit 1 of port 14.

2. If it is not 0, go back to check.

3. If it is 1, send data to the PC by output to port 15.
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8.2 Speed Controller Design

There are two portions in the induction motor speed control system. The first

portion is a speed error detector and a PI controller, and the second portion is

a vector controller to generate 3-phase sinusoidal currents for inverter reference.

Because the TMS320C25 is not efficient in doing floating point computation, the

controller is designed in such a way that all numbers are scaled to be suitable for

integer manipulation.

8.2.1 Digital Controller Design

As shown in Figure 8.1, there are two digital controllers in the control system. The

first is a P/controller Gi(z), and the second controller is a low pass filter ̂ 2(2) for

feedback speed. The design procedure is to obtain the transfer function in s-domain

first, and then transform it into z-domain using bilinear transformation to ensure

stability.

The purpose of putting a low pass filter for the feedback speed is to alleviate

the noise of the DSP-16 board For a low pass filter at l/r corner frequency, the

transfer function in s-domain can be represented by

G(s) = • (8.1)

Assume a sampling period T. Using bilinear transformation

2.1 ,
(8.2)

the transfer function in z-domain becomes

1 + z~^

(1 + 2T/r) -f (1 - 2tIT)z= n , o./T^^ /n (8-3)

®The Ariel Corp. has a new product called "DSP-16 plus", which is lower noise version of the

original DSP-16
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Assume X is the input of the filter, and Y is the output of the filter. The filter

can then be represented by

Y{z) _ bp + biz~'^
X{z) Oo + Cti2"_i (8.4)

where

Go = 1 + 2T/r

Gi = 1 — 2r/T

bp = \

b, = \

The filter can be easily implemented with the following discrete equation.

Y(k) =
Go

With the corner frequency at 210 KHz and a 15 KHz sampling rate, the coef

ficients were solved as gq = 8/7 and gi = 6/7. The assembly code is economical

in using such coefficients because the division can be replaced by shifting. For

TMS320C25, total execution time, including data transfer is 1.3 psec.

The design procedure of the PI controller is similar to the above low-pass filter.

In s-domain, the controller is represented by

G(s) = /Cp + (8.6)
s

The z-domain representation becomes

(K, +/CT/2) + (-/f, + A-ir/2)z-
G(z) = . (8.7)

The value of Kp and Ki should be varied according to different machines and speed

response requirements. Total assembly codes for the P/controller take only 12 steps

(or 1.2 psec).
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8.2.2 Vector Controller Design

Because the precise vector control requires machine parameters, this program design

simplifies the vector controller by assuming the conditions that 3-phase reference

currents labc are balanced and the angle 0* is increased smoothly. Based on the

above assumption, complicated computations can be avoided, and the transforma

tion results can be obtained by a simple square-root routine and a sine wave look-up

table.

The d -axis current is solved by a function generator to produce flux weaken

ing in high speed regions. The ̂ -axis current i* is directly obtained from the PI

controller. The peak amplitude of the 3-phase reference currents labc can be solved

by taking the square root of the sum of two current squares.

The square-root subroutine is designed using Newton's method [9]. The iteration

algorithm is given by

^(1) = ̂(^(0) + <5/a;(0)), (8.8)
where Q is the number to be solved, x(0) is the initial guess, and x(l) is the first

iteration result. Because each integer division takes 16 steps, the iteration of looping

in convergence should be avoided. In this program design, only one iteration is

allowed in each subroutine calling. The computation result does not deviate much

because the initial guess is very close to the solution.

To search data memory address from the sine wave look-up table in TMS320C25

is very convenient by adding the contents of auxiliary register ARO to the other

auxiliary registers. Phase A employs ARl for computational search, while phase

B employs AR5. The value stored in these two auxiliary registers differentiate 120

degrees. In TMS320C25, the search for each phase takes only two instruction cycles

(or 200 nsec).
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8.3 Monitor Program Design

The monitor program in PC serves as DSP-16 board initialization, sampling rate

setting, handshaking with DSP-16, speed reference setting, and speed monitoring.

The speed reference command is obtained by keyboard input, and the speed mon

itoring needs graphic interface. Because the whole program regards man-machine

interface, it is convenient to implement by C-programming language. The compiler

used in this program development is Microsoft C ® version 4.0. Appendix C lists the

complete monitor program.

8.3.1 DSP-16 Board Initialization

The hardware initiahzation of the DSP-16 board is different from the previous soft

ware initialization. The following tasks are to be done in hardware initialization.

1. Configure what kind of CPU chip, TMS32020 or TMS320C25.

2. Specify I/O address.

3. Specify memory page.

4. Specify size of dynamic RAMs.

5. Specify size of static RAMs.

6. Specify the initial sampling rate.

7. Tell the DSP-16 to load the machine codes of the speed control program.

8. Detect any error conditions.

^Trademark of Microsoft Corp.
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8.3.2 Sampling Rate Setting

The sampling frequency is specified by the following equation.

/. = (8.9,
r

The parameter r must be an integer. Selecting 15 KHz sampling, r is 83, and the

total assembly code should be executed within 66.7 //sec or 667 steps per sampling.

8.3.3 Man-Machine Interface

For easy operation, the speed reference is controlled by cursors. Cursors operate

up/down for parameter changing, and left/right for speed decreasing and increasing.

However, the cursor operation for speed increment is a ramp input. An additional

keyboard operation is designed to get step input of the speed reference. When

selecting speed adjustment, the user can directly key-in the required speed in rpm.

Both reference and actual speeds are shown on the screen.

The closed-loop control program is named "sped." Because the program is

designed in C-language, the machine pole number and the initial speed can be set

by command line input. For example, the command line input

sped 4 300

means the machine is 4-pole, and the initial reference speed is 300 rpm.

Under screen interactive condition, the messages on the screen look like
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UTK/PEAC INDUCTION MOTOR MOTOR CONTROL SYSTEM

USING ARIEL DSP-16 WITH TMS320C25

Jih-Sheng Lai
UTK/PEAC

7/1/1989

1. No. of poles: 4

2. Desired speed (rpm): 300

3. Actual speed (rpm): 298.5

4. Current (A): 5

5. Quit:

Press a number or cursor to chamge parauneters.. .

By selecting number 1, the screen will ask the user to key in the number of poles

so the program can do the necessary scaling. Selecting number 2 can set up any

speed within the limit. If the encoder frequency does not exceed the F/Vconverter

limit, the program allows constant power operation up to 1.5 times of the rated

speed. For example, a 4-pole machine can set up the maximum speed at 2700 rpm.

When the step increase is requested, the speed control loop will automatically adjust

fundamental frequency and dq-axes currents.

The actual speed signal may be corrupted by noises although a low pass filter

has been added. However, the variation does not affect the controller performance.

The current amplitude means the peak value of reference phase currents. When

pressing number 5, the screen will ask the user to confirm again to avoid defective
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operation.

As mention before, moving cursors can also change the parameters. For example,

when the cursor is at number 1, the color of number 1 will be brighter than regular

text, and moving the left-right cursors will decrecise or increase the pole number b}'

2. When moving down the cursor to 2, the color of number 2 will be brighter, and

the reference speed can be adjusted by moving cursor left and right. To quit the

speed control program, simply move down the cursor to 5 and press the return key.

8.4 Experimental Results of Speed Responses

The speed response of the induction motor depends on gain values of the PI con

troller. As discussed before, the scaling effort can be significantly reduced with

careful selection of gain values. With Kp — 5.655 and A', = 4350, the acceleration

profile is shown in Figure 8.4.

The upper trace shows speed responses accelerating from 300 rpm to 750 rpm.

The total rise time is less than 0.5 second. The lower trace shows the induction

motor phase current. When running at steady-state, the current magnitude and the

fundamental frequency remain constant. During acceleration, the frequency linearly

increases 2.5 times, and the ̂ -axis current is varied with the speed difference. The

speed response can be easily controlled by changing controller gains or software

parameters.

PC Communication Effect Although digitized vector control can be easily im

plemented by high speed digital signal processors, an acceleration delay appears

when PC communication disables interrupt. Figure 8.5 shows a communication

delay effect during acceleration.

Because the PC serves as command input and monitoring functions, a commu-
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Figure 8.4: Induction motor acceleration profile.
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nication between the PC and the DSP board takes place regularly. If this commu

nication occurs when the motor is accelerating, the program will execute bus data

loading but not the controller function. According to Figure 8.5, the fundamental

frequency immediately increases after command input but stays the same for two

more cycles, then increases again until speed difference reaches zero. A total of 60

msec acceleration delay happens in this case. The situation could be worse when

the data bus communicates more frequently.

Such communication delay is not desirable for high performance drives. However,

the communication should not exist in a dedicated hardware system. The computer

speed control system provides more flexibility in programming and less sensitivity

to component variation.



Chapter 9

Conclusion

In this dissertation, a new class of next generation resonant link inverters has

been proposed. The voltage overshoot and zero crossing problems have been solved

by the proposed current initialization scheme. A new quasi-resonant dc voltage notch

link inverter has been invented to improve PWM switching resolution problems in

the resonant link inverter.

Technical accomplishments can be summarized as follow.

1. A quantitative analysis approach of initial current effect to the resonant voltage

has been formulated.

2. The voltage overshoot and zero crossing are solved simultaneously.

3. The proposed bidirectional initial current control circuit effectively establishes

programmable initial current.

4. A fast algorithm using an analog multiplexer predicts inverter input current

for the oncoming cycle.

151
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5. The complete current initialization resonant link circuit, along with the hys

teresis band PWM inverter induction motor drive, has been simulated using

PC-SIMNON.

6. A quasi-resonant voltage notching scheme has been developed to eliminate

high voltage and high ripple penalties.

7. A minimizing current ripple algorithm has been proposed to create desired

voltage notching in the quasi-resonant link circuit.

8. The complete quasi-resonant voltage notching circuit, along with hysteresis-

band PWM inverter induction motor drive, has been simulated.

9. A 1-HP IGBT based resonant inverter has been constructed.

10. A bidirectional current initialization resonant link power circuit has been de

signed and built.

11. All current and voltage sensors have been designed and successfully tested.

12. An incremental speed sensing circuit has been calibrated.

13. Four different gate drive circuits have been designed and successfully tested.

14. A 3-HP resonant/quasi-resonant inverter has been constructed.

15. A complete control circuit for bidirectional resonant current control has been

built in wire-wrapping boards and tested.

16. With zero initial current, the resonant link circuit has been tested and shows

a high Q-value.

17. A PC-based computer control system has been developed.
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18. The handshaking between the PC and the TMS320C25 coprocessor has been

developed.

19. An interactive speed control program has been written in Microsoft C lan

guage.

20. A vector control DSP-hased program has been written in TMS30C25 assembly

language.

When driving the induction motor, the inverter does not introduce any objection

able harmonics or torque pulsation to the motor, and thus the operation condition

is extremely quiet and smooth. The only audible sound is from the motor bearing

and cooling fan. The resonant link inverter has shown success for high efficiency

and high performance drives.

The newly developed quasi-resonant link inverter also shows high efficiency, high

performance, and high quality for ac machine drives without any significant penal

ties.

According to the experimental setup and test results, resonant/quasi-resonant

link inverter induction motor drives demonstrate the following features.

1. High efficiency - Because there is no switching loss, the efficiency is extremely

high. At 1 KW output level, the efficiency has been measured at 94 %.

2. No snubber circuit for inverter switches - The snubber circuit is not necessary

for zero voltage switching. This contributes to size savings and efficiency

improvement.

3. Minimum cooling requirement - The experiment shows no significant temper

ature changes on the heat sink because the only heat source is from conduction

losses. The cooling fan is absolutely unnecessary for resonant link inverters.
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4. No switching noise from power circuits - The inverter switching frequency is

far from audible noise, and the power circuit does not generate any switching

noise.

5. No audible noises from the motor - The motor runs smoothly without audible

frequency harmonics or torque pulsations. The mechanical resonance will not

exist in high frequency link inverter drives.

6. Smooth motor acceleration - The high frequency link inverter associated with

vector control technique provides very smooth acceleration because of the

smooth generating torque.

7. Well-distributed frequency spectrum - Although the output voltage is syn

thesized by a pulse train, the frequency spectrum is distributed over a high

frequency range. If the sinusoidal output voltage is required, the additional

passive filter will be of minimum size; however, the output current is pure sine

wave with small ripples at the switching frequency.

In actual implementation, some difhculties have been confronted especially with

the component sources. Because most high power systems do not use high fre

quency links, manufacturers do not make high frequency passive components for

high voltage high current applications. Similarly, the voltage and current sensing

components do not have enough frequency responses for control purposes. The

following list shows some of the main difficulties.

1. Resonant inductor - The best material for high frequency inductor is Litz

wire, but the Litz wire available on the market is normally small in size. The

size equivalent to ̂ 12 AWG gage is a typical limit and could only be used for

less than 20A applications. Custom design of the Litz wire is possible but too

costly.
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2. Resonant capacitor - Polypropylene capacitors are best suited for high fre

quency, high power applications. The problem is the current capability. The

Orange drop capacitor from SB Electronics provides for only 8 Arms each.

Parallel connection is required for this type of capacitor. GE 97F series ca

pacitors provide enough voltage and current ratings but are not available in

lower capacitance. Series connection is required for higher resonant frequency

and this obviously decreases the (3—value of the resonant link circuit and is

not preferred. These additional connections will also cause an increase in size

and circuit layout problems.

3. DC current sensor - The high frequency shunt resistor is good for dc current

sensing but lacks isolation. The Hall probe provides isolation but is very sen

sitive to temperature variations, possibly causing control failure. The current

transformer CT also provides isolation but is only good for ac current sensing.

4. Circuit noises - The zero voltage crossing generates a series of TTL pulses

which controls power switches, feeding back significant noises to the analog

circuit and causing inaccurate control signals. Circuit noises may affect zero

voltage crossing detecting, speed regulation, and reference current corruption,

etc. The solution requires elegant circuit layout and decoupling between each

circuit stage.

Future work on developing high frequency link inverters can be directed to control

circuit simplification, circuit layout, component design optimization, and packaging

for commercial applications. Possible candidates of applying resonant link inverters

are most industrial drives, automobiles, air crafts, compressors, heat pumps, air

conditioning units, uninterruptible power supplies (UPS), traction controls, servo

systems, and some home appliances.
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The application of resonant link inverters not only increases the efficiency of

power conversions, but also improves the quality of equipment controls. The prob

lems faced by actual implementation are not difficult to overcome especially with

volume production. It can be expected that resonant link inverters will become the

main stream of the new generation of power conversions.
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MACRO remac

SYST reson Ip latchl monol inono2 inv im vet amux recon
STORE las[iin] ibs[im] ics[iin] -add
Store iaciinv] lbc[inv] icc[inv] -add
SIMU 0 50e-3 .25e-7 /remacl 2e-6
split 3 1
ashow las lac -mark
text 'for phase A, 1
ashow lbs Ibc -mark
text 'for phase B, 1
ashow ICS Icc -mark
text 'for phase C, 1
hcopy
END

actual current — la, 2: reference current — la*'

actual current — lb, 2: reference current — lb*'

actual current — Ic, 2: reference current — Ic*'
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CONTINUOUS SYSTEM reson
II — —

"  Resonant DC Link Circuit Simulation
II

"  * Initial current control scheme *

Jih-Sheng Lai
Oct. 29, 1987

state variables:

Yd — DC resonant voltage
Vcb — capacitor voltage
Ir — resonant current

operation modes:

C\modeO — regular mode ^
model — transition from active to reactive
mode2 — transition from reactive to active

INPUT Id Idref casell stb stb2
OUTPUT caseO easel td Sr Sa Sb
STATE Yd Ir Ycb
DER dYd dir dYb
TIME t

"  dYd/dt

dYdl - (Ir - Id)/Cr
dYd2 - if (Yd>0.7) then dYd3 else 0
dYd3 - (Ir - Id - (Yd+0.7)/x)/Cr
dYd = if (Sr or Stb) then 0 else dYdl
X - if Yd<0.7 then rl else rs
rs - 5e+6
rl - 0.1
" xl " if vd>0.7 then 1 else -1

■' dir/dt

dirl - (Ys - Yd - Ir*Rr)/Lr
dlr2 - (- Ycb - Ir*Rr)/Lr
dIr = if Sb then dlr2 else dirl

"  dYb/dt

dYbl = if Ycb<200 then Ir/Cb else (Ir-Ycb/1000)/Cb
dYb2 - if Ycb<200 then 0 else -Ycb/500/Cb
dYb = if Sb then dYbl else dYb2

"  control circuit

caseO - if Yd < 0.7 then 1 else 0
easel - if Id < (Idref+ 10) then 1 else 0
case2 - if Ir < (Idref+ 10) then 1 else 0
casea - casell and case2
caseb - (not casell) and case2
casec ■ (not casell) and (not case2)
td - ir - idref - 10
casecc ~ casec and not delay(casec,4e-6)
cased » casea or caseb or casecc
Sr - caseO and (stb or stb2 or casea or caseb or casecc)
Sb - (Sr or stb2) and casecc
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Sa = not Sb

"  System parameters

pi = atan(1.0)*4
wr = 2*pi*fr
Zo = Vs/IL
Lr = Zo/wr
Rr = Zo/Q
Cr = l/(wr*Zo)
Cb = Cr

"  initial states

Vcb:150

Vd:l
lr:0

"  Constants

IL:25
Q:75
fr:50e+3
Vs:300
Csn:lOe-9
Rsn:100
END
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DISCRETE SYSTEM latchl
n

"  Latch Id and Id* comparator's output
II

INPUT d stb
OUTPUT nql
STATE qd qdl rd sd
NEW nqd nqdl nrd nsd
TIME t

TSAMP ts

ts = t+dt
qmd = not(STB and d and qdl)
qnd = not(STB and (not d) and qd)
nsd = not(qmd and rd)
nrd = not(qnd and sd)
dl = not(nsd and (not STB))
d2 = not(nrd and (not STB))
nqd = not(dl and qdl)
nqdl = not(d2 and qd)
nql = nqd
dt = 50e-9
n

"  Initial states for inverter switches
If

rd:0

sd : 1
qd: 1
qdl:0
END
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DISCRETE SYSTEM monol
INPUT caseO
OUTPUT STB
STATE xl
NEW nxl
TIME t

TSAMP ts

ts = t + dt
nxl = caseO
112 = xl
113 = not 112
STB = caseO and 113
dt = .25e-6
Xl:l
END
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DISCRETE SYSTEM inono2
INPUT caseO

OUTPUT STB
STATE xl
NEW nxl

TIME t

TSAMP ts

ts = t + dt

nxl = caseO
112 = xl
113 = not 112
STB = caseO and 113
dt = .5e-6
Xl:l
END
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DISCRETE SYSTEM inv

"  Current controlled inverter
II

INPUT la lb Ic Vd lac Ibc Icc elk Sr
OUTPUT nal nbl ncl Va Vb Vc IL lae Ibe Ice
STATE a b c qa qb qc qal qbl qcl ra sa rb sb rc sc
NEW na nb nc nqa nqb nqc nqal nqbl nqcl nra nsa nrb nsb nrc nsc
TIME t

TSAMP ts

ts = t+dt

lae = lac-Ia

Ibe = Ibc-Ib

Ice = Icc-Ic

na = if Iae>h then 1 else if Iae<-h then 0 else a
nb = if Ibe>h then 1 else if Ibe<-h then 0 else b
nc = if Ice>h then 1 else if Ice<-h then 0 else c
nal = na

nbl = nb
ncl = nc

qma = not(elk and na and qal)
qna = not(elk and (not na) and qa)
nsa = not(qma and ra)
nra = not(qna and sa)
al = not(nsa and (not elk))
a2 = not(nra and (not elk))
nqa = not(al and qal) or Sr
nqal = not(a2 and qa) or Sr
qmb = not(elk and nb and qbl)
qnb = not(elk and (not nb) and qb)
nsb = not(qmb and rb)
nrb = not(qnb and sb)
bl = not(nsb and (not elk))
b2 = not(nrb and (not elk))
nqb = not(bl and qbl) or Sr
nqbl = not(b2 and qb) or Sr
qmc = not(elk and ne and qcl)
qnc = not(elk and (not ne) and qe)
nse = not(qme and re)
nre = not(qne and sc)
cl = not(nsc and (not elk))
c2 = not(nrc and (not elk))
nqc = not(cl and qcl) or Sr
nqcl = not(c2 and qc) or Sr
Vqss = Vd*(nqa*2-nqb-nqe)/3
Vdss = Vd*(nqc-nqb)/l.732051
Va = vqss
Vb = -0.5*Vqss-0.8660254*Vdss
Vc = -0.5*Vqss+0.8660254*Vdss
IL = qa*Ia + qb*Ib + qc*Ic
"IL = (Va*Ia + Vb*Ib + Ve*Ie)/Vd
dt = 50e-9
11

"  Initial states for inverter switches
n

ra: I

sa: 0

rb:0

sb: 1
re:l

SC: 0

qa: 0
qal: 1
qb: 1
qbl:0
qe:0
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qcl: 1
a: 0

b:l
C: 0

Band limit

h: .01
END
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CONTINUOUS SYSTEM im
II

"  5-HP Induction Machine model in synchronous reference frame

INPUT va vb vc
OUTPUT ias ibs ics wr x3 x4 spd te
STATE iqs ids iqr idr w
DER diqs dids diqr didr dw
TIME t

dw = (Te-TL-B*w)*pole/2/j
spd = 4.77465 * w
diqs = (lr*(Vqs-rs*Iqs)-fse*Ids+lm*rr*Iqr-lrm*w*Idr)/kl
dids = (fse*Iqs+lr*(Vds-rs*Ids)+lrm*w*Iqr+lm*rr*Idr)/kl
diqr = (lm*(rs*Iqs-Vqs)+w*lsm*Ids-Iqr*rr*ls+fre*Idr)/kl
didr = (-w*lsm*Iqs+lm*(Ids*rs-Vds)-fre*Iqr-ls*rr*Idr)/kl
fse = lsr*we - delw*lmm
fre = we*lmm - delw*lsr
Vqss = (2*Va-Vb-Vc)/3
Vdss = (Vc-Vb)/1.732051
x3 = cos(we*t)
x4 = sin(we*t)
Vqs = Vqss*x3 - Vdss*x4
Yds = Vqss*x4 + Vdss*x3
" Te=(3/2)(P/2)(Lambda_d*iq-Lambda q*id)
Te = 1.5*pole/2*lm*{idr*iqs-iqr*ids)
iqss = iqs*x3+ids*x4
idss = -iqs*x4+ids*x3
ias = iqss
ibs = -idss*0.8660255-iqss*0.5
ics = -ias - ibs
iqrs = iqr*x3+idr*x4
idrs = -iqr*x4+idr*x3
iar = iqrs
ibr = -idrs*0.8660255-iqrs*0.5
icr = -iar - ibr
Is = (xm+xs)/wb
Ir = (xm+xr)/wb
Im = xm/wb
kl = Isr - 1mm
wr = w

Irm = lr*lm
Ism = ls*lm
Isr = ls*lr
1mm = lm*lm
delw = we - w
11

"  initial states
n

Iqs:15.1 "peak value
Ids:4.95
Iqr:-14.05 "-14.28
Idr:0.4 "4.085
w:132 "speed = 629.715
II

"  constants
M

we:157.07963 "At base speed of 750 rpm"
wb:377
XS:0.4

rs:0.25

rr:0.817
xr:0.4

xm:42.09

J:0.15

B:0.01

TL:20

pole:4
END
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DISCRETE SYSTEM Ip
"Small time delay to break loop
INPUT Idl
OUTPUT Id
STATE yl
NEW nyl
TIME t

TSAMP ts

ts = t + dt
nyl = Idl*dt/tau+yl*(l-dt/tau)
Id = yl
dt:1.0e-8
tau:le-7

END
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CONTINUOUS SYSTEM vet
"Forward vector transformation
INPUT iqs ids x3 x4
OUTPUT iac ibc icc
idssc = ids*x3 - iqs*x4
iqssc = ids*x4 + iqs*x3
iac = iqssc
ibc = -(idssc*l.732051 + iqssc)/2
icc = (idssc*!.732051 - iqssc)/2
END
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Sa = not Sb

"  System parameters

pi = atan(1.0)*4
wr = 2*pi*fr
Zc = Vs/IL
Lr = Zo/wr
Rr = Zo/Q
Cr = l/(wr*Zo)
Cb = Cr

"  initial states

Vcb:150
Vd:l

"  Constants

IL:25
Q:75
fr:50e+3
Vs:300
Csn:10e-9
Rsn:100
END
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DISCRETE SYSTEM latchl
II

"  Latch Id and Id* comparator's output
II

INPUT d stb
OUTPUT nql
STATE qd qdl rd sd
NEW nqd nqdl nrd nsd
TIME t

TSAMP ts

ts = t+dt
qmd = not(STB and d and qdl)
qnd = not(STB and (not d) and qd)
nsd = not(qmd and rd)
nrd = not(qnd and sd)
dl = not(nsd and (not STB))
d2 = not(nrd and (not STB))
nqd = not(dl and qdl)
nqdl = not(d2 and qd)
nql = nqd
dt = 50e-9
II

"  Initial states for inverter switches
II

rd: 0
sd: 1
qd: 1
qdl:0
END
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DISCRETE SYSTEM monol
INPUT caseO
OUTPUT STB
STATE xl
NEW nxl
TIME t

TSAMP ts
ts = t + dt
nxl = caseO
112 = xl
113 = not 112
STB = caseO and 113
dt = .25e-6
Xl:l
END
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DISCRETE SYSTEM mono2
INPUT caseO
OUTPUT STB

STATE xl
NEW nxl
TIME t

TSAMP ts

ts = t + dt
nxl = caseO
112 = xl
113 = not 112
STB = caseO and 113
dt = .5e-6
xl:l
END



Appendix A. SIMNON Simulation Program Listing 173

DISCRETE SYSTEM inv

"  Current controlled inverter

INPUT la lb Ic Vd lac Ibc Icc elk Sr
OUTPUT nal nbl ncl Va Vb Vc IL lae Ibe Ice
STATE a b c qa qb qc qal qbl qcl ra sa rb sb rc sc
NEW na nb nc nqa nqb nqc nqal nqbl nqcl nra nsa nrb nsb nrc nsc
TIME t

TSAMP ts

ts = t+dt
lae = lac-Ia

Ibe = Ibc-Ib
Ice = Icc-Ic

na = if Iae>h then 1 else If Iae<-h then 0 else a
nb = if Ibe>h then 1 else if Ibe<-h then 0 else b
nc = if Xce>h then 1 else if Ice<-h then 0 else c
nal = na

nbl = nb

ncl = nc

qma = not(elk and na and qal)
qna = not(elk and (not na) and qa)
nsa = not(qma and ra)
nra = not(qna and sa)
al = not(nsa and (not elk))
a2 = not(nra and (not elk))
nqa = not(al and qal) or Sr
nqal = not(a2 and qa) or Sr
qmb = not(elk and nb and qbl)
qnb = not(elk and (not nb) and qb)
nsb = not(qmb and rb)
nrb = not(qnb and sb)
bl = not(nsb and (not elk))
b2 = not(nrb and (not elk))
nqb = not(bl and qbl) or Sr
nqbl = not(b2 and qb) or Sr
qmc = not(elk and nc and qcl)
qnc = not(elk and (not nc) and qc)
nsc = not (qmc and rc)
nrc = not(qnc and sc)
cl = not(nsc and (not elk))
c2 = not(nrc and (not elk))
nqc = not(cl and qcl) or Sr
nqcl = not(c2 and qc) or Sr
Yqss = Vd*(nqa*2-nqb-nqc)/3
Ydss = Yd*(nqc-nqb)/l.732051
Ya = vqss
Yb = -0.5*Yqss-0.8660254*Ydss
Yc = -0.5*Yqss+0.8660254*Ydss
IL = qa*Ia + qb*Ib + qc*Ic
"IL =-(Ya*Ia + Yb*Ib + Yc*Ic)/Yd
dt = 50e-9
II

"  Initial states for inverter switches
II

ra: 1

sa: 0

rb: 0

sb: 1
rc : 1

sc : 0

qa: 0
qal: 1
qb: 1
qbl:0
qC: 0
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qcl: 1
a: 0
b:l
C: 0

Band limit

h: .01
END
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CONTINUOUS SYSTEM im
II

"  5-HP Induction Machine model in synchronous reference frame

INPUT va vb vc

OUTPUT ias ibs ics wr x3 x4 spd te
STATE iqs ids iqr idr w
DER diqs dids diqr didr dw
TIME t

dw = (Te-TL-B*w)*pole/2/j
spd = 4.77465 * w
diqs = (lr*(Vqs-rs*Iqs)-fse*Ids+lm*rr*Iqr-lrm*w*Idr)/kl
dids = (fse*Iqs+lr*(Vds-rs*Ids)+lrm*w*Iqr+lm*rr*Idr)/kl
diqr = (lm*(rs*Iqs-Vqs)+w*lsm*Ids-Iqr*rr*ls+fre*Idr)/kl
didr = (-w*lsm*Iqs+lm*(Ids*rs-Vds)-fre*Iqr-ls*rr*Idr)/kl
fse = lsr*we - delw*lram
fre = we*lmm - delw*lsr
Vqss = (2*Va-Vb-Vc)/3
Vdss = (Vc-Vb)/1.732051
x3 = cos(we*t)
x4 = sin(we*t)
Vqs = Vqss*x3 - Vdss*x4
Yds = Vqss*x4 + Vdss*x3
" Te=(3/2) (P/2) (Lambda_d*iq-I,ambda q*id)
Te = 1.5*pole/2*lm*(idr*iqs-iqr*ids)
iqss = iqs*x3+ids*x4
idss = -iqs*x4+ids*x3
ias = iqss
ibs = -idss*0.8660255-iqss*0.5
ics = -ias - ibs
iqrs = iqr*x3+idr*x4
idrs = -iqr*x4+idr*x3
iar = iqrs
ibr = -idrs*0.8660255-iqrs*0.5
icr = -iar - ibr
Is = (xm+xs)/wb
Ir = (xm+xr)/wb
Im = xm/wb
kl = Isr - 1mm
wr = w

Irm = lr*lm
Ism = ls*lm
Isr = ls*lr
1mm = lm*lm
delw = we - w
M

"  initial states
M

Iqs:15.1 "peak value
Ids:4.95
Iqr:-14.05 "-14.28
Idr:0.4 "4.085
w:I32 "speed = 629.715
n

"  constants
tl

we:I57.07963 "At base speed of 750 rpm"
wb:377
xs:0.4

rs:0.25

rr:0.817
xr: 0.4

xm:42.09

J:0.15

B:0.01

TL:20

pole:4
END
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DISCRETE SYSTEM Ip
"Small time delay to break loop
INPUT Idl

OUTPUT Id
STATE yl
NEW nyl
TIME t

TSAMP ts

ts = t + dt
nyl = Idl*dt/tau+yl*(l-dt/tau)
Id = yl
dt:1.0e-8
tau:le-7
END
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CONTINUOUS SYSTEM vet

"Forward vector transformation
INPUT iqs ids x3 x4
OUTPUT iac ibc icc
idssc = ids*x3 - iqs*x4
iqssc = ids*x4 + iqs*x3
iac = iqssc
ibc = -(idssc*!.732051 + iqssc)/2
icc = (idssc*!.732051 - iqssc)/2
END
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DISCRETE SYSTEM amux
II

" Analog multiplexer simulation
II

INPUT a b c ia ib ic STB
OUTPUT Idref
STATE Id
NEW NId
TIME t

TSAMP ts

ts = t+dt
aa = not a

bb = not b
cc = not c

do = STB and aa and bb and cc
dl = STB and aa and bb and c
d2 = STB and aa and b and cc
d3 = STB and aa and b and c
d4 = STB and a and bb and cc
d5 = STB and a and bb and c
d6 = STB and a and b and cc
d7 = STB and a and b and c
NId = if do then 0 else if dl then ic else if d2 then ib else 112
IL2 = if d3 then -ia else if d4 then ia else if d5 then -ib else IL3
IL3 = if d6 then -ic else if d7 then 0 else Id
Idref = NId
dt = 50e-9

END
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CONNECTING SYSTEM RECON

"Connecting system for Induction Machine drive
TIME t

vd[inv] = vd[reson]
ia[inv] = ias im]
ib[inv] = ibs im]
ic[inv] = ics im]
STB[amux] = STB[monol]
clkiinv] = stb[monol]
stb[reson] = stb[monol]
stb2[reson] = stb[mono2]
casell[reson] = nql[latchl]
stb[latchl] = stb[monol]
d[latchl] - easel[reson]
caseO[monol]=caseO[reson]
caseO[mono2]=caseO[reson]
Sr[inv] = Sr[reson]
Va[im] = Va[inv]
Vb[im] = Vb[inv]
Vc[im] = Vc[inv]
Id[reson] = Id[lp]
Idl[lp] = IL[inv]
Idref[reson] = Idref[amux]
la[amux] = Ias[im]
lb[amux] = Ibs[im]
Ic[amux] = Ics[im]
a[amux] = nal[inv]
b[amux] = nbl[inv]
c[amux] = ncliinv]
Iqs[vct] = 15 "15.658
Ids[vet] = 5
x3[vct] = x3[im]
x4[vct] = x4(im]
Iac[inv] = lac[vet]
Ibciinv] = Ibc[vct]
Icc[inv] = Iccivct]
END
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MACRO tnomac

SYST modu Ip latchl tnonol mono2 inv im vet amux tnocon
STORE ias[ini] ibs[im] lcs[iiii] -add
Store lac[inv] ibc[inv] ice[inv] -add
SIMU 0 50e-3 .25e-7 /mcmacl 2e-6
split 3 1

text '50KHZ resonant link system simulation — resonant DC voltage Vd'
ashow Ir Id Idref -mark ^ j
text 'Currents 1: resonant — Ir 2: inverter Id 3: predicted Id
ashow Vcb
text 'auxiliary capacitor voltage — Vcb'
hcopy
END
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CONTINUOUS SYSTEM modu

Resonant DC Link Circuit Simulation

*  Initial current control scheme *

Jih-Sheng Lai
Oct. 29, 1987

state variables:

Vd — DC resonant voltage
Vcb — capacitor voltage
Ir — resonant current

operation modes:

modeO — regular mode
model — transition from active to reactive
mode2 — transition from reactive to active

INPUT Id Idref casell stb stb2 iae ibe ice
OUTPUT caseO easel td Sr Sa Sb
STATE Vd Ir Vcb
DER dVd dir dVb
TIME t

II dVd/dt

dvdl = Ic/Cr
dVd = if (Sr or Stb) or model then 0 else dVdl
Ic = Ir - Id
" xl = if vd>0.7 then 1 else -1
II

II dir/dt

dirl = (Vs - Vd - Ir*Rr)/Lr
dlr2 = (- Vcb - Ir*Rr)/Lr
dIr = if model then Id else if Sb then dlr2 else dirl

II dVb/dt

dVbl = if Vcb<200 then Ir/Cb else (Ir-Vcb/1000)/Cb
dVb2 = if Vcb<200 then 0 else -Vcb/500/Cb
dVb = if Sb then dVbl else dVb2
II

"  mode definition

m^el = if Sr then 0 else if ((Ic>-.1 and Ic<0.1) and Sc) then 1 else
diabc = Iae*Iae + Ibe*Ibe + Ice*Ice
Sc = if dIabc < 15 then 1 else 0
II

"  control circuit

caseO = if Vd < 0.7 then 1 else 0
easel = if Id < (Idref+ 10) then I else 0
case2 = if Ir < (Idref+ 10) then 1 else 0
casea = casell and case2
caseb = (not casell) and case2
casec = (not casell) and (not case2)
td = ir - idref - 10
casecc = casec and not delay(casec,3.5e-6)
cased = casea or caseb or casecc

0
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Sr = caseO and (stb or stb2 or casea or caseb or casecc)
Sb = (Sr or stb2) and casecc
Sa = not Sb

"  System parameters

pi = atan(1.0)*4
wr = 2*pi*fr
Zo = Vs/IL
Lr = Zo/wr
Rr = Zo/Q
Cr = l/(wr*Zo)
Cb = Cr
II

"  initial states

Vcb:100
Vd:l
lr:0

"  Constants
II

IL:25
Q:75
fr:50e+3
Vs:300
Csn:lOe-9
Rsn:100

END
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CONNECTING SYSTEM MOCON
"Connecting system for Induction Machine drive
TIME t

vd[inv] = vd[modu]
ia[inv] = ias[im]
ib[inv] = ibsfim]
ic f inv] = ics[im]
STB[amux] = STB[monol]
elk[inv] = stb[monol]
stb[modu] = stb[monol]
stb2[modu] = stb[mono2]
casell(modu] = nql[latchl]
stb(latchl] = stb[monol]
d[latchl] = easel[modu]
caseO[monol]=caseO[modu]
caseO[mono2]=caseO[modu]
Sr[inv] = Sr[modu]
Va[im] = Va[inv]
Vb[im] = Vbfinv]
Vc[im] = Vc[inv]
Id[modu] = Id[lp]
Idl[lp] = IL[inv]
Idref[modu] = Idref[amux]
Ia[amux] = las[im]
Ib[amux] = Ibsfim]
Icfamuxj = Icsfim]
a[amux] = nal[inv]
b[amux] = nbl[inv]
c[amux] = nclfinv]
Iqs[vct] = 15 "15.658
Ids[vet] = 5
x3[vct] = x3[im]
x4[vct] = x4[im]
lac[inv] = lac[vet]
Ibc[inv] = Ibc[vet]
Ice[inv] = Ice[vet]
laefmodu] = Iae[inv]
Ibefmodu] = Ibefinv]
Ice[modu] = Ice[inv]
END
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'kititickif'kicieitii'k-k'kiticlrifk'k'ffklc'kicleitititiiirlgie'kidHt'klc'k'kicic-kiciiir'k-kifk'kititifkic'A'kifk'k-k-k

SPCCL.ASM — UTK/PEAC Induction Motor Speed Control System
Using Ariel DSP-16 board as I/O, filtering,
and signal processing.

Jih-Sheng Lai
UTK/PEAC
7/1/89

****************************************************************

The program runs in real-time at the sample rate of 15 KHz.

OVERVIEW:

1) The input to the ADC is the motor speed signal
2) The reference speed is provided by PC keyboard input
3) A simple PI controller yields torque and speed commands
4) d-axis current is generated by a function generator
5) The sine wave is obtained by a look-up table
6) Data buffer output written to DAC
7) The input speed from ADC is filtered by a low pass filter

I/O HCidirGSSSS ************************

DRAMDATA: EQU 8 ;DRAM data buffer read/write port
ADDRESS: EQU 9 ;DRAM addresses (Row, then Column)
RDHOST: EQU 10 ;read data sent from PC

REFRESH: EQU 11 ;Enable buffer refresh

INTHOST: EQU 12 ;interrupt the PC
WRDAC: EQU 13 ;write data to the DAC
RDSTAT: EQU 14 ;read from the status port
WRHOST: EQU 15 ;write data to the PC

************** Dedicated ON-CHIP REGISTERS ******************

not necessary to claim again

DRR: EQU 0 ;A/D Input register (series port)
DXR: EQU 1 ;Data transmit register
TIM: EQU 2 ;Timer
PRD: EQU 3 (•Period register
IMR: EQU 4 ;Interrupt mask register
GREG: EQU 5 (•Global memory allocation register
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******************* Constants declaration ********************

CNSTQU: EQU 25 Constant Torque speed range
(750 rpm)

CURADD: EQU 1638 d-axis current addition constant

5 A, (327.7 == 1 A)
CURMUL: EQU 20 d-axis current multiply constant
GAINCl: EQU 25 Current-loop GAIN 1
GAINC2: EQU -24 Current-loop GAIN 2
GAINSP: EQU 3 SPeed-loop GAIN
MINIDS: EQU 327 Minimum Ids (= 1 A_peak)
SPADD: EQU 210 Speed addition constant

(offset of A/D)
SPCNST: EQU 180 Speed constant

(noise level of A/D)
SPLOW: EQU 5 Lower speed increment limit

(150 rpm)
SPMUL: EQU 696 Speed multiplication constant
SPUP: EQU 45 Upper speed increment limit

(1350 rpm)

************* Data RAM ON-CHIP Block B2 (60 — 7F) *************

f

ORG

AITEMP: DS

AOTEMP: DS

BITEMP: DS

BOTEMP: DS

BUFBOT: DS

BUFTOP: DS

DFPC: DS

DIVR; DS

DSPD: DS

DUMMY: DS

IDS: DS

EK: DS

EKl: DS

IQS: DS

IQSUP: DS

OUTAMP: DS

OUTBFA: DS

OUTBFB: DS

CUTTMP: DS

PCST: DS

RPM: DS

ROOT: DS

SPINC: DS

060H Start of on-board data RAM

Channel A Input interrupt constant
Channel A Output interrupt constant
Channel B Input interrupt constant
Channel B Output interrupt constant
pointer to BOTtom of waveform BUFfer
pointer to TOP of waveform BUFfer
Data From PC

Divisor constant

Difference SPeeD

DUMMY register
d-axis current (field component)
Error speed (k)
Error speed (k-1); delay of EK
q-axis current (torque component)
* Upeer limit of Iqs
OUTput signal peak AMPlitude
Channel A OUTput BuFfer
Channel B OUTput BuFfer
OUTput signal TeMPorary amplitude
PC bus STatus

Actual speed from A/D converter
Squart root location
INCrement of reference SPeed

for look-up table
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SPINCO: DS 1 ;INCreinent of command SPeed from PC
SPREF: DS 1 ;ReFerence SPeeD
TEMP: DS 1 ;TEMPorary constant
TMPSGN: DS 1 ;SiGN constant
XN: DS 1 ;Square root iteration parameter
XK: DS 1 .•Filter input
XKl: DS 1 .•Delay of XK
YK: DS 1 .•Output of the low-pass filter

t

;  ReSet & interrupt vectors *********************

ORG 0

RESET: B INIT .•Reset vector

ORG 4

INTA: B OUTA .•Channel A interrupt service routine

ORG 6

INTB: B OUTB .•Channel B interrupt service routine

ORG 26

RINT: B ININT .•ADC interrupt service routine

;******************* Initialize 320C25 *************************

t

ORG 32

INIT: DINT

ROVM

LDPK 0 ;Data memory pointer
SSXM ;Set sign extension mode
SPM 0 .•Product register output no shift
FORT 0 .•Configure for 16 bit serial

;  data word
SXF .•Set output channel flag
LACK 080H ;Data memory from 8000H

;  (32768-40886)
SACL GREG .•Write to global memory register

;Load constants

t

ZAC ;Load 0
SACL XK .•zero speed initially
SACL XKl ;zero speed initially
SACL YK

LACK 80 ;Load 80
SACL DIVR ;  to the divisor
LALK 1638 .•Load 32767/20
SACL OUTAMP .•Output peak amplitude is 5 A
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LALK

SACL

ZAC

SACL

OUT

RXF

OUT

LALK

SACL

LALK

SACL

LACK

SACL

LAR

LRLK

2640

IQSUP

TEMP

TEMP,WRDAC

TEMP,WRDAC

08180H+03AD4H

BUFTOP

08180H

BUFBOT

10

SPINC

ARO,SPINC
AR1,08180H

;8.06 A

;Upper limit of Iqs is 12 A

(•Initialize output to zero

(•Setup pointers to 8180H+15060-1

(•Set initial speed at 3 00 rpm

(•set up initial address for
; Channel A output

AR5,08180H+0139CH ;set up initial address for
; Channel B output

PROG

LRLK

B

Some subroutines for PC communication

— WAIT4IT wait for data from PC

IN PCST, RDSTAT
BIT PCST, 15
BBZ WAIT4IT

IN DFPC, RDHOST
ZALS DFPC

RET

(•Get content of the status port
;Check bit 0
;if not, wait
(•get data
(•put it in ACC

....Calls from table VEC_TAB...,

— S_SPD Set up speed reference

S SPD: CALL WAIT4IT

SACL

LT

MPYK

PAC

SACL

RET

SPINCO

SPINCO

SPMUL

SPREF

— S_AMP Set current Amplitude

S AMP: CALL WAIT4IT

SACL

RET

OUTAMP
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— SEND data to host

SEND: IN POST, R

BIT

BBNZ

OUT

RET

DSTAT
POST, 15-1
SEND

YK, WRHOST

;Is host ready for data?
;Check bit 1 for host status
;Loop 'till ready
;Output speed to host
;Return

SenD current AMPlitude to host

SD_AMP: IN
BIT

BBNZ

OUT

RET

POST, RDSTAT
POST, 15-1
SEND

OUTAMP, WRHOST

;Is host ready for data?
;Check bit 1 for host status
;Loop 'till ready
;send current amplitude to host
;Return

— DO CLR Clear output

DO_CLR; lrlk AR3,08180H

LRLK AR4,15060

ZAC

LARP AR3

CLR: SACL *+,0,AR4

BANZ CLR,*-,AR3

RET

VEC TAB: DW PROGl, S_SPD,

******************* Foreground loop ***************************

EQU $

CALL WAIT4IT

ZALS DFPC

ADLK VEC TAB,0

TBLR TEMP

ZALS TEMP

CALA

B PROGO

feedback control loops

PROGl: LAC RPM
ABS

;Input of A/D
;Get rid of negative noise
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Filter for speed input at 1.07 KHz

;Lower address for X(k)SACL XK

ZAC

LT XKl

MPYK 7

LTD XK

MPYK 7

LTA YK

MPYK 6

SPAC

SFR

SFR

SFR

SACL YK

;T = X(k-l)
;P = 7*X(k-l)
;Acc = P, X(k-l)
;P = 7*X(k)
;Acc = 7*(X(k) +
;P = 6*Y(k-l)
;Acc = 7*(X(k) +

:Y(k-l) = Y(k)

= X{k)

X(k-l))

X{k-1)) 6*Y(k-l)

Error block

— current loop error block

ZALS

SUB

SACL

ABS

SACL

SPREF

YK

TMPSGN

DSPD

speed loop error block

ZALS SPINCO

SUB SPINC

BGZ INC

BZ DONE

;Calculation for speed loop
;speed error
(•Store sign of speed error
;Make speed difference positive
;get absolute value for DSDP

(•Check the command speed
(•command error

(•err > 0

(•err =0, no change

reference command speed is less than actual speed
reduce SPINC

DEC: LAC SPINC

SUBK 1

SACL SPINC

(•put above lower limit
SUBK SPLOW

BGEZ DONE
LACK SPLOW

SACL SPINC

(•yes! Decrease SPINC by one
(•Subtract one from ACC
(•Store ACC to SPINC

(•Compare to the lower limit
(•Done if greater than lower limit
;Load lower limit to ACC

(•Store ACC to SPINC

reference command speed is greater than actual speed
increase SPINC
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INC: LAC SPINC ;Yes! Increase SPINC by GAINSP
ADDK GAINSP f

SACL SPINC (•Store ACC to SPINC

SUB SPINCO (•SPINC < SPINCO?

BLEZ ULIMIT ;Yes! check the limit
LAC SPINCO (•No! SPINC = SPINCO

SACL SPINC (•Store ACC to SPINC

(•put under upper limit
ULIMIT: LAC SPINC

SUBK SPUP ;Compare to the upper limit
BLEZ DONE ;Done if less than upper limit
LACK SPUP (•Load upper limit to ACC
SACL SPINC (•Store ACC to SPINC

;end calculation
DONE: LAR ARO,SPINC

current loops
1: flux weakening

CURT:

CNSTQ:

LAC

SUBK

BLEZ

SACL

LALK

LT

MPYK

SPAC

SACL

B

LALK

SACL

SPINC

CNSTQU

CNSTQ

TEMP

CURADD

TEMP

CURMUL

IDS

CURT2

CURADD

IDS

2: torque component

;Get SPINC

;Within constant torque region
;Yes! setup Ids constant
;No! store the difference
;Add maximum current into ACC
(•Calculation for flux weakening
(•Multiply current constant
;Subtract P register from ACC
;Solved Ids

;constant d-axis current

ZALS DSPD (•Get Speed difference
RPTK 15 f

SUBC DIVR ;divided by a constant
SACL EK f

LAC IQS ;Acc=Iqs

LT EKl ;T=E(k-l)
MPYK GAINC2 ;P=bl*E(k-l)
LTD EK ;Acc=Iqs+bl*E(k-l) , E{k-l)=E(k)
MPYK GAINC2 ;P=bo*E(k)
APAC

ABS

SACL IQS ;Store to q-axis current
SUB IQSUP ;Compare upper limit of Iqs
BLEZ IQLE (•Iqs <= Iqs-
LAC IQSUP

SACL IQS (•Store to q-axis current
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;  3: sqrt(Ids^2+Iqs^2)
IQLE: SQRA IDS

ZAC

SQRA IQS
APAC

CALL SQRT

LAC ROOT

NEC

SACL OUTAMP

Interrupt service

LACK

SACL

EINT

22

IMR

Background check

PR0G2; IN

BIT

BBZ

DINT

IN

ZALS

ADLK

TBLR

ZALS

CALA

EINT

B

PCST,RDSTAT
PCST,15
PR0G2

DFPC,RDHOST

DFPC

VEC_TAB,0
TEMP

TEMP

PROG 2

;P = Ids^2

;Acc = 0

;P = Iqs'2; Acc = Ids'
;Acc = Ids^2 + Iqs^2
;Approximated

;Enable RINT, AINT, BINT
;Set interrupt mask register
;Finishing computation.

;A11 the time check PC status port
;Test bit 0
.•Continue testing if nothing found

************ Input data interrupt service routine **************

ADC interrupt service routine

ININT:

QUITl;

BIOZ QUITl ;Skip if CHANNEL B
LAC DRR ;ADC to accumulator

ADDK SPADD ;Add the offset of A/D

SACL RPM ;Get speed

EINT .•Enable interrupts

RET ;Return

EINT

RET
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************** Output interrupt service routines *************

output interrupt service routine

OUTA:

0UT2A:

PTRA:

OUTB:

0UTB2:

PTRB:

Output to Channel A

SXF

LAPP ARl

LT *0+ ;get a sample
MPY OUTAMP ;multiply by attenuation factor
PAC ; —>ACC

SACK AOTEMP,! ;save it

OUT AOTEMP,WRDAC (•output the sample to DAC

SAR ARl,AOTEMP ;get the current output pointer
ZALS AOTEMP ;in the ACC

SUBS BUFTOP (•compare to upper limit of buffer
BGEZ PTRA ;past limit( must correct
EINT ;else is OK, so re-enable ints
RET ;and return to background code

ADD BUFBOT ;add pointer to bottom of buffer
SACL AOTEMP

LAR ARl, AOTEMP ;reload ARl

EINT ;re-enable ints

RET (•and return to background code

Output to channel B

RXF

LARP AR5

LT *0+ (•get a sample
Mpy OUTAMP (•multiply by attenuation factor
PAC ;—>ACC

SACK BOTEMP,1 (•save it

OUT BOTEMP,WRDAC (•output the sample to DAC

SAR AR5, BOTEMP (•get the current output pointer
ZALS BOTEMP (•in the ACC

SUBS BUFTOP (•compare to upper limit of buffer
BGEZ PTRB ;past limit( must correct
EINT ;else is OK, so re-enable ints
RET ;and return to background code

ADD BUFBOT (•add pointer to bottom of buffer
SACL BOTEMP

LAR AR5, BOTEMP (•reload AR5

EINT ;else re-enable ints

RET (•and return to background code
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Square root subroutine
input X, output ROOT
X(

SQRT:

n) = Ids

RPTK 15

SUBC IDS

SACL TEMP

LAC TEMP

ADD IDS

SFR

SACL ROOT

RET

;wave table pointers;
/

W_PTRS: DW 0818OH
/

NCLUD BIGSIN.TBL

end of program!

X/X(n)

Get rid of high bytes' gabbage

ACC = X(n)+X/X(n)
Divide by 2
X(n+1) = (X(n) + X/X(n))/2
Return of the square root routine

(include wave tables in assembly
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*  *

*  SPCCL — Speed Control by Closed-Loop Method *
*  for induction motor speed control *
*  at the sampling rate 15KHz *
*  *

*  Jih-Sheng Lai
*  UTK/PEAC
*  August 2, 1989

•k

•k

k

k  k

kkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkk^

/*
* Please check following variables before running the motor
*

* — change "divr", divisor of rpmf, to adopt different
*  encoder resolution. (23.2 for Teledyne Encoder)
* — change DEFSR to correct sample rate
*  50 for 25 KHz

*  83 for 15 KHz

*  100 for 12.5 KHz

*/

/* To be compiled under Microsoft C version 4.0 Medium Model */

#include <stdio.h>
^include <conio.h>
#include <ctype.h>
#include <stdlib.h>
#include <dos.h>
#include <time.h>
#include <string.h>
#include <alllmcm.h>
#include <dspl6.h>

/* Declare Constants, Defaults and Macros */
Idefine FALSE 0
^define NO 0
#define TRUE 1
#define YES 1

#define RVRS 1
#define ENTER OxOD /* Define ASCII key values */
#define BACKSPACE 8
#define ESCAPE 27
#define UPARROW 72
#define DOVfNARROW 80
#define LEFTARROW 75

((define RIGHTARROW 77
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#define
#define
#define
#define
Idefine
#define
idefine
#define
#define
#define
#define
#define
#define
#define

#define
#define
#define
#define

/* Highlight attribute */
/* Default pallet green on black */
/* Blue on Blue */
/* Green on Green */
/* Bright Red on Red */
/* Black on Black (for erasure) */

HILITE (REDB + BRIGHT) /*
DEFPAL GRE_BLK
BLU_BLU 0x11
GRN_GRN 0x22
BRT_RED 0xC4
BLK_BLK 0
BLUB BLU_BLK
CYAB CYA_BLK
REDB RED_BLK
MAGB MAG_BLK
YELB YEL_BLK
WHIB WHI_BLK
DEFSR 83 /* Sample rate divider for 15 KHz sampling
DEFFILE "SPCCL.HEX"

/* Default TMS32025 program to load
DSP-16 hardware interrupt
Size of program RAM in kwords
# of row/col bits (9 if 256k, 10 if IM)

DSPINT 0 /*
SRAM 16 /*
ROWCOL OxOlff /*
ESC Oxlb

V

*/
*/
*/
*/

Idefine max(a,b) (((a) >  (b)) ? (a) : (b))
Idefine min{a,b) (((a) <  (b)) ? (a) : (b))

struct cfg {
int portbase; /* the base port address for DSP-16 */
int mempage; /* memory page */
int intnum; /* the interrupt used */
int d_ram; /* how much d-ram on board: 0=256K, 1=1M */
int s_ram; /* how much s-ram on board: 0 =4K, 1=16K */
int expanded_io; /* 0 if 32025 ports are 8..15. */

/* 1 if expansion board installed */
int new_chip; /* 0 if no 32025. 1 if 320C25 */

} configuration;

/* Definition of commands */

#define BEGIN 0
#define SETFREQ 1
Idefine SETAMP 2
#define QUIT 3
Idefine GETRPM 4

Idefine GETAMP 5

/* Function Declarations */

void akey(), dkey(), Ikey(), rkey(), ukey(), qkey(),
pol 0 , spd(), hlpO , send_it() , herald(), idle() ;

int get_dsp_cfg(), get_it(), find_cfg();

double max_delay;
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char hexfile[14] = DEFFILE;

/* misc globals */

FILE *setup_outfile, *setup_infile;

/* Declare Static Variables */

int pole = 4, speed = 300, freq, freqO, spdinc=10;
float ampf, amp, rpmf, divr=23.2;
int exitflg = FALSE;
int al80_row, al80_col;

/**************************************************************/
ma in(argc,argv)
int argc;
char *argv[];

{
unsigned row, col;
int i = 0, ic;
time_t tnow;
struct tm *tmnow;

alvcn(3); /* Set video mode ( 25 x 80 ) */
alvclO'* /* Clear screen */
alcof{); /* Turn cursor off */
clib(); /* Clear keyboard input buffer */
herald(); /* Say hello */

if(argc >= 3)( /* argc at least == 3, so there is at
least 2 parameters. This means user
has known how to run the program */

pole = atof(argv[1]);
speed = atof(argv[2]);

)
if(!find_cfg()) /* Ariel-16 configuration check */
goto quit_sampler;

sysinitO; /* Initialize hardware and software */
send_it(GETRPM);
rpmf = get_it();
send_it(SETFREQ) ;
send_it(spdinc);
send_it(GETAMP);
ampf = get_it();
amp = -ampf/327.67; /* scaled by 32767/100 == 1 A */
send_it(BEGIN);
waitkpO; /* Show init status before continuing */
efx_screen(); /* Draw screen */
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/* move down cursor */

/* move up cursor */

/* Decrease speed */

/* increase speed */

/* Quit application - return to DOS */

loop: while ( lexitflg )
{  /* Keyboard interface */

if ( kbhitO )
{  /* Here if key hit */
i = toupper(getch());

/* scan for special keys */
switch ( i ) {
case DOWNARROW:

dkey();
break;

case UPARROW:

ukey();
break;

case LEFTARROW:

Ikey();
break;

case RIGHTARROW:

rkey();
break;

case 'Q':
qkey();
break;

case 'A': /* enter output current amplitude*/
/* call fen to get the value from the user */

al80_row = 16;
akey();
break;

case '1':

al80_row = 10;
pol () ;
break;

case '2':

al80_row = 12;
spd () ;
break;

case '3':

hip{);
break;

case '4':

al80_row = 16;
akey();
break;

case '5':

qkey();
break;

case ENTER:

if ( al80_row == 18 )
qkey();

else if ( al80_row == 16 )
akey();

else if ( al80_row == 10 )
pol();

else if ( al80_row == 12 )
spd();

/* amplitude adjustment */

/* Quit application - return to DOS */
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break;

default:

break;

)

}
else{

tiine(&tnow) ;
tmnow = localtiTne(&tnow) ;
if (tinnow->tin_sec == ((tinnow->tin_sec / 2) * 2)){

/"

send_it(GETRPM);
rpmf = get_it();
send_it(BEGIN);
alscr( 14, 32);
printf("%6.1f", rpmf/divr);

send_it(GETAMP);
ampf = get_it();
amp = -ampf/327.67;
alscr( 16, 30);
printf("%6.2f", amp);

for (ic = 0; ic !=2; ic++)
idle();

*/
}

alvclO; /* Clear screen */
guit_sampler: alvcn(3); /* Set 80 column video mode */
printf ("\n\nDone.\n");
alconO ; /* Turn on cursor */
exit(O);

/***************************************************************/

void herald0 /* Print banner */
(

int i;
printf("\n\n\n\n\t ");
printf("UTK/PEAC Induction Motor Closed-Loop Speed Control System");
printf ̂'\n\t Using DSP-16 with TMS320C25 \n"' •
printf("\n\t Fix sampling rate at 15 KHz \n
printf("\n\t Jih-Sheng Lai
printf("\n\t UTK/PEAC '
printf("\n\t 5/1/1989 \n\n\n\n'
abortkp( 1000 );

)
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sysinitO /* Initialize DSP-16 hardware */
{
printf("\n Setting address of DSP-16. \n");
ON = DSETA;

DBASEADR = configuration.portbase;
DMEMPAGE = configuration.mempage;
if ( ! dspl6( Sidcall ) )
derror( dcall ) ;

printf("Initializing DSP-16 hardware.\n");
DN = DINIT;

DBUFSIZE = configuration.d_ram ? 256 : 1024;
DPRAMSIZE = SRAM;

DFILENAME = hexfile;

if ( ! dspl6( &dcall ) )
derror( dcall );

printf("%d words uploaded.\n", DWORDSUP );
printf("Setting sample rate to %f kHz.", 1250.0/DEFSR);

DN = DSSR;

DINSR = DEFSR;

DOUTSR = DEFSR;

DSHWIDTH = 0;

DSYNC = TRUE; /* enable synch */
if ( ! dspl6( Sdcall ) )
derror( dcall );

max_delay = configuration.d_ram ? 10485.74 : 2621.44;
send_it( configuration.d_ram );

)

derror( q )
struct parms q;

{
int i;

printf("Error %d in DSP-16 call %d!\n", q.retval, q.fun );
printf("#l: %d #2: %d #3: %d #4: %d", q.p2, q.p3, q.p4, q.p5 );
waitkp();

)

^* ************* ★Special )c©y sGirvic© routiri©©*******************/

void dkeyO /* DOWN arrow key service routine */
{
alhil(al80_row, 7, DEFPAL);
al80_row = al80_row + 2;
if (al80_row > 18)
al80_row = 10;

alhil(al80_row, 7, HILITE);
)
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void ukeyo /* UP arrow key service routine */
{
alhil(al80_row, 7, DEFPAL);
al80_row = al80_row - 2;
if (al80_row < 10)
al80_row = 18;

alhil(al80_row, 7, HILITE);

)

void IkeyO /* Auto-decrement rate */
{
int ic;
if (al80_row == 12){
speed = speed - 30;
spdinc = spdinc - 1;
if (speed < 30){
speed = 30;
spdinc = speed*pole/120;

}
else{
send_it(SETFREQ);
send_it(spdinc);
send_it(BEGIN);

)
alscr( 12, 30);
printf("%6d", speed);
for (ic = 0; ic != 3; ic++)

idle();

)
else if (al80_row == 16)(

amp = amp - .1;
if (amp < .1)
amp = .1;

else{
send_it(SETAMP); /* the command */
send_it(-(int)(32767.0 * amp/100.0)); /* the value */
send_it(BEGIN);

)
alscr( 16, 30);
printf("%6.2f", amp);
for (ic = 0; ic != 5; ic++)
idleO ;

)
)
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void rkeyO /* Auto-increment rate */
{
int ic;

if (al80_row == 12){
speed = speed + 30;
spdinc = spdinc + 1;
if (speed > 10800/pole){
speed = 10800/pble;
spdinc = speed*pole/120;

}
else{
send_it(SETFREQ);
send_it(spdinc);
send_it(BEGIN);

)
alscr( 12, 30);
printf("%6d", speed);
for (ic = 0; ic != 3; ic++)
idleO ;

)
else if (al80_row == 16){
amp = amp + .1;
if (amp > 50.0)
amp = 50.0;

else(
send_it(SETAMP); /* the command */
send_it(-(int)(32767.0 * amp/100.0)); /* the value */
send_it(BEGIN);

)
alscr( 16, 30);
printf("%6.2f", amp);
for (ic = 0; ic != 3; ic++)
idle();

}

)

void akeyO
{
int row, col, ic;

albox( 15, 36, BLUB + BRIGHT, 30, 2 );
alpts( 16, 38, REDB + BRIGHT, "Enter Amplitude (0..50)");
alscr( 16, 30);
scanf("%f". Samp); /* send the new amplitude to the DSP-16 */
if (amp > 50.0)
amp = 50.0;

else(
send_it(SETAMP); /* the command */
send_it(-(int)(32767.0 * amp/100.0)); /* the value */
send_it(BEGIN);

)
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for ( row = 15; row != 18; row++ )
for ( col = 30; col != 70; col++ )
alptc( row, col, DEFPAL, SPACE );

alscr( 16, 30);
printf("%6.2f", amp);
for (ic = 0; ic != 3; ic++)
idle();

)

void qkeyO /* QUIT service routine */
{

unsigned row, col;
char c;

albox( 17, 36, BLUB + BRIGHT, 30, 2 );
alpts( 18, 38, REDB + BRIGHT, "Are you sure? Y or N" );
c = getchO ;
if ( toupper( c ) == 'Y' ){
send_it(QUIT);
send_it(BEGIN);
exitflg = TRUE;

}
else

for ( row = 17; row <= 19; row++)(
for ( col = 36; col != 70; col++ )
alptc( row, col, DEFPAL, SPACE );

}
>

void pol0 /* POLE change service routine */

int i ;
unsigned row, col;
al80_row = 10;

/* scan for special keys */

albox( 9, 36, BLUB + BRIGHT, 32, 2 );
alpts( 10, 38, REDB + BRIGHT, "Enter Pole value (2,4,6,...)" };

alscr( 10, 30);
scanf("%d", &pole); /* send the new amplitude to the DSP-16 */

for ( col = 36; col != 70; col++ ){
for ( row = 9; row <= 11; row++)

alptc( row, col, DEFPAL, SPACE );
)

/* print on screen */
alscr( 10, 30 ) ;
printf("%6d", pole);
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void spd() /* SPEED change service routine */
{
int i, ic;
unsigned row, col;

albox( 11, 36, BLUB + BRIGHT, 32, 2 ) ; , x .
alpts( 12, 38, REDB + BRIGHT, "Enter reference SPEED (rpm) ),
alscr( 12, 30);
for ( col = 30; col != 35; col++ )

alptc( row, col, DEFPAL, SPACE );
scanf("%d", Sspeed);
spdinc = speed*pole/120;
if (speed > 10800/pole)(
speed = 10800/pole;
spdinc = 90; /* 90 Hz maximum */

else if (speed < 120/pole){
speed = 120/pole;
spdinc =1; /* 1 Hz minimum */

send_it(SETFREQ); /* the command */
send_it(spdinc);
send_it(BEGIN);
for (ic = 0; ic != 5; ic++)

idle() ;
for ( row = 11; row <= 13; row++){
for ( col = 36; col != 70; col++ )

alptc( row, col, DEFPAL, SPACE );
}
alscr( 12, 30 );
printf("%6d", speed);

}

void hlp() /* help service routine */
{
int i;
unsigned row, col;
for ( col = 36; col != 70; col++ )

alptc( 14, col, DEFPAL, SPACE );
albOX( 13, 36, BLUB + BRIGHT, 32, 3 );
alpts( 14, 38, REDB + BRIGHT, "Not adjustable! ");
alpts( 15, 38, REDB + BRIGHT, "Press any key to continue... );
clibO ;
while ( TRUE ){
if ( kbhitO ){
i=getch();
break;

}

for ( row = 13; row <= 16; row++)(
for ( col = 36; col != 70; col++ )

alptc( row, col, DEFPAL, SPACE );
)

)



Appendix C. Monitor Program Listing 206

void idle()

{
int i;
for ( 1=1; i != 1000; i++ )
alptc( 12, 5, DEFPAL + BLINK, SPACE );

)

/**************************************************************/

void send_it( word )
/* handshake with DSP-16 and send a word of data */

int word;

{
DN = DSEND; /* set up cmd to write a word of data */
dcall.p2 = word; /* data to send is in P2 element */
if( !dspl6( &dcall )) /* call DSEND fen and check for error */
derror( dcall ); /* call error reporter if it occurred */

)

int get_it()
{

DN = DREAD;

if ( ! dspl6( &dcall ) )
derror( dcall );

return ( dcall.p2 );

}
/**************************************************************/

/**it**4;4r«********4tKeyboard service routines********************/

clib() /* Clear keyboard input buffer */
{
int i;
while ( kbhit() )

i=getch();
}

waitqO
{
int i;
clibO ;
while ( !kbhit() ){
if ( kbhitO ) {
i = getch();
break;

)
)
clibO ;

}
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waitkpO /* Wait for key press */
{
int i;
printf("\n\nPress any key to continue...\n" )>
clib();
while ( TRUE ){
if ( kbhitO ) {
i=getch();
break;

)
)

}

abortkp(timeout) /* Abort if no keypress */
int timeout;

{
register i;
for ( i = 0; i < timeout; i++)(
if ( kbhitO ) {
i = getchO ;
break;

)
)

}/**************************************************************/

/**************** Screen drawing routines *********************/
efx_screen()

{
int i, length, height;
alvcl(); /* Clear screen */
aldbx(l, 1,YELB, 72, 22); /* Draw a big double line box */
alpts(3,14,DEFPAL,"UTK/PEAC INDUCTION MOTOR SPEED CONTROL SYSTEM");
alpts(4,20,DEFPAL,"USING ARIEL DSP-16 WITH TMS320C25");

/* Print TITLE */
alpts(6,45,DEFPAL, "Jih-Sheng Lai" );
alpts(7,45,DEFPAL, "UTK/PEAC" );
alpts(8,45,DEFPAL, "4/1/1989" );
alpts(10,7,DEFPAL, "1. No. of poles:
alpts^2,7,DEFPAL, "2. Desired speed (rpm) :
alpts^4,7,DEFPAL, "3. Actual speed (rpm):
alpts(16,7,DEFPAL, "4. Current (A):
alpts(18,7,DEFPAL, "5. Quit:
alpts(20,7,CYAB,"Press a number or cursor to change parameter ...");
alscr( 10, 30) ;
printf("%6d", pole);
alscr( 12, 30);
printf("%6d", speed);
alscr( 14, 32);
printf("%6.If", rpmf/divr);
alscr( 16, 30);
printf("%6.2f", amp);
al80_row = 12;
alhil(al80_row, 7, HILITE);

)

/**************************************************************/
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/* read configuration file 'DSP16.CFG' */

int find_cfg() /* SETUP */
{
char c;

if ( ! get_dsp_cfg() ) {
alvcl () ;
alpts(4,10, DEFPAL + BRIGHT + BLINK, "ERROR !!!" );
alpts(8,0, DEFPAL, "DSP16.CFG NOT FOUND IN CURRENT DIRECTORY");
alpts(10,0, DEFPAL, "DAS cannot operate without this file.");
alpts(12,0, DEFPAL, "Copy DSP16.CFG to current directory.");
alpts(14,15, DEFPAL, "OR" );
alpts(16,0, DEFPAL, "Run DSPBUG setup to create DSP16.CFG.");
alpts(20,0, DEFPAL, "Press any key to return to DOS." );
while (!kbhit() )

/

{
return(0);

}
)

}

int get_dsp_cfg()
/* returns zero if file not found or if reading error */

{
int tst;

if((setup_infile = fopen("DSP16.CFG","rt"))==NULL)
return(0);

tst=fscanf(setup_infile,
"DSP16_CFG_BEGIN! %4x, %4x,%4x,%4x,%4x,%4x,%4.4X,END",
&configuration.portbase, Sconfiguration.mempage,
{(Configuration.intnum, ficonfiguration.d_ram,
{(Configuration.s_rain, {(configuration.expanded_io,
configuration.new_chip);

fclose(setup_infile);
tst = (tst==EOF) ? 0 : 1;
return(tst);

/**************************************************************/
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