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The work reported herein was performed by Delco Electronics Division, Santa Barbara
Operations, under contract to the United States Ai‘my Mobility Equipment Research and
Development Command (Contract JAAK70-77-C-0035). The Contracting Officer's Repre-
sentative was Dr. David Lee at Fort Belvoir, Virginia.

.2.
L

R78-38




i R B 3 A

DELCO ELECTRONICS DIVISION © SANTA BARBARA OPERATIONS * GENERAL MOTORS CORPORATION

i
| \

\ SUMMARY

This report covers effort under Contract DAAK70-77-C-0085 to further develop the
ac-to-do section or converter portion of a 15 kW general purpose power conditioner or
frequency changer. Previous Deloo effort under Contract DAAK02-72-C-0210 had pro-
vided a breadboard system which established the feasibility of using resonant converter
concepts coupled with Delco's power center inverter for the 15 kW general purpose fre-
quency changer. MERADCOM testing of the breadboard frequency changer revealed
performance deficiencies relative to transient loading and input power line harmonic
current generation. The equipment shortcomings were traced to the ac-to-de seotion
and led, through competitive bid, to the award of the subject contract.

In implementing a neﬁ ac-to-dec converter, Delco has again relied upon resonant con-

verters similar to the eq'u‘ency. 4-SCR resonant converter used in the early bread-

board. To overcome transient performance deficiencies, the new approach uses mulitple

4-SCR resonant converters operating at much higher frequencies along with more

sophisticated sensing, feedback, and control circuits. . |
AN :

In order to achieve the newly specified low levels of input power line harmonic current

, distortion withcut resorting to conventional, excessively heavy methods, Deloo has re-

L lied upon a new resonant converter configuration which evolved through past internal !

research and development (Il@D) programs. The present concept was demonstrated

and reported as part of the Delco 1977 IR&D activity and has resulted in submission of §

the concept for GMC patent. ﬂ(

‘ Delco's approach to more effective ac-to-dec conversion is to use a separate converter
‘ on each phase of the three-phase input line, with the dec voltage outputs of the three con-
verters appropriately paralleled and controlled for necessary regulation. The ac-to-do
converter on each phase consists of a fullwave bridge rectifier followed by a 4-SCR
resonant inverter circuit. The resonant inverter operates at high frequency and in-
corporates an output transformer for electrical isolation and voltage transformation.
Following the transformer is a second fullwave rectifier which provides the required de
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voltage output. Proper control of the high frequency resonant inverters provides the
desired conversion and regulation while reducing harmonic currents generated on the
input power lines.

This report covers the adaptation of the new Delco converter to the specific requirements
of the ac-to-dc converter section of the 15 kW general purpose power conditioner.

The report introduces the problem of current harmonic generation on power lines by non-
linear converter systems and illustrates the magnitude of the problem by describing
typical performance of various bridge rectifier converters. This is followed by a dis-
cussion of typical standard solutions which are applied to achieve reduction of line current
harmonics before presenting the new Delco concept and operating principle.

The report then covers the converter electrical implementation in terms of both the power
and control circuits. This is followed by a description of the development problem areas,
their solution, and a description of the mechanical packaging concept. The report concludes
with a summary of the test results reported in detail, in Delco Flectronics Report R78-28,
and recommendations for further development and improvement.
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The MERADCOM purchase description for the AC-DC Section of a 15 kW General Purpose
Power Conditioner is essentially a specification for a complete do-link frequency changer
system. A block diagram of the required system is shown below,

SECTION I

INTRODUCTION

120/208 Vims
50, 60 OR
400Hz, 3¢
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+
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The inverter portion of the frequency changer to be used during development of the AC-
DC Section is an Army/Delco-developed power center inverter which produces preoision
three-phase sinewaves. The power center inverter subsystem has no means of controll-
ing the magnitude of the output sinewaves and, therefore, no means of providing system

1

voltage regulation or current limiting.

The need for voltage regulation is apparent since compensation must be made for input
line voltage fluctuations, as well as internal voltage drops, in order to maintain highly
The advantage of current limiting is clear in most power systems;

stable output voltages.

for solid state power systems it is an absolute necessity.

The problem common to all solid state inverter systems is that the de input to the in-
verter must have sufficient energy storage capacity to meet specified transient response
requirements. When an overload or short circuit occurs, this energy is dumped through

a low impedance inverter into the output. Unless some type of current control is provided,
the current through the inverter is limited only by the inverter impedance, which is |

necessarily low in order to provide good transient response.

Current limiting can best be achieved by limiting the input voltage to the power center
inverter, since voltage control is required at this point anyway in order to achieve the
However, since no voltage control mechanism can act instantaneously,
some energy storage reservoir is required in the do input to handle the transient load.

specified regulation,
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B

An effective design must provide a rapidly responding (sub-cycle) voltage control method
to minimize energy storage requirements since excessive energy release in the short-
circuit mode would, in turn, require needlessly high energy SCR commutation circuits in
the inverter.

In previous frequency changer development effort under Contract DAAK02-72-C-0210,
Delco made use of a 4-SCR resonant converter to provide the voltage regulation and cur-
rent limiting functions described. MERADCOM testing of the breadboard frequency
changer provided under that contract revealed performance deficiencies relative to
transient loading and overloading which were caused, in part, by a lack of sub-cycle
sensing and control response in the basic 4-SCR resonant converter. To overcome such
performance deficiencies, the new converter approach reported herein uses multiple
4-SCR resonant converters which operate at much higher frequencies along with more
sophisticated sensing, feedback, and control circuits.

The MERADCOM purchase description for the AC-DC Section incorporates a new require-
ment relative to the magnitude of harmonic currents which are generated on the input
power lines during operation of the system. This new Army specification was of major
concern during the new converter development and was the primary factor which dictated
power circuit design configuration and also necessitated control circuit capability beyond
the voltage regulation and current limiting functions discussed previously. Since harmonic
line current requirements were the major development consideration, the following sec-
tions introduce the general problem area and its magnitude as well as standard approaches
to partial reduction before presenting the Delco solution and its development in detail.

R78-38 1-2
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SECTION I
LINE CURRENT HARMONICS

2.1 PROBLEM DEFINITION

All forms of ac-to-dc converters, standard rectiffers, phase-controlled rectifiers, and
rectifiers followed by de choppers (de-to-de converters) act as nonlinear loads when
operating from an ac power system. Nonlinear loads generate harmonic currents which
are fed back to the ac power distribution system. These harmonic currents create volt-
age drops across source impedances and line inductances which in turn produce distor-
tions of the voltage waveforms in the distribution or transmission lines of the network.
The voltage distortions which result not only can cause faulty performance of sensitive
electronic systems on the power lines, but can also produce system shutdown and possible
destruction. ncreasing numbers of very high power solid state converter systems are
being used in military and industrial applications. As the power levels and number of
users increase the basic problem becomes more and more severe. It therefore becomes
highly desirable to provide converters which are essentially current harmonic free if
voltage transients and waveform distortion are to be controlled and eliminated on power
distribution networks.

Definition of the magnitude of current harmonics which are acceptable or tolerable on a
distribution network is an extremely complex task, Power distribution models may be
generated and analyzed using computers, but each network is different and, unfortunately,
can vary continwously {n terms of both user requirements and availability of power gener-
ation sources and characoteristics. Present commercial power distribution networks
place no direct restrictions upon converter equipment current harmonic generation. How-
ever, some minimum control results since commercial utility power costs are a function
of the load power factor. Since true power factor measurements consist of two elements,
a conventional current/voltage phase displacement and a harmonic distortion factor, high
harmonic currents result in low power factor and high costs.

Military users are becoming more definitive in specifying the harmonic currents allowable
with any given converter. At present, Army specifications require that harmonic currents
generated have a total harmonic distortion (THD) of no greater than 5 percent with no

-R78-38 2-1




DELCO ELECTRONICS DIVISION ® SANTA BARBARA OPERATIONS ® GENERAL MOTORS CORPORATION

single harmonic greater than 2 percent. The maximui- absolute value of the harmonics
is determined by applying the percentages to input line current with the converter deliver-
ing rated load. Navy requirements are based upon extensive computer analysis of ship-
board distribution systems. The values specified for converter equipment appear less
restrictive than Army requirements and some developmental systems allow individual
amplitudes of 3 percent (each) out to the 32nd harmonic with no restriction on THD.

" o

2.2 BASIC CONVERTER

The bridge converter is the basic unit of any ac-to-dc converter system. In recent years
abundant information has become available concerning the perfcrmance of such converters
using efther solid state diodes in the converter or silicon controlled rectifiers (SCRs).

In the former case ac-to-dc conversion is achieved with no self-regulation capability in
the converter. In the latter case self-regulation is achieved through phase control of the
SCRs. Of the two cases, the diode bridge converter exhibits a lower THD with respect
to current harmonics produced on the ac power line. The following paragraphs provide

a brief description of the basic diode bridge converters commonly used as well as an
indication of the distribution and magnitude of the current harmonics each configuration
produces on the input ac power line. The discussion is presented in order to indicate

the magnitude of the problem which exists. Diode bridge converters are referenced as
opposed to SCR bridge converters since they exhibit a lower current harmonic THD and
thus illustrate the best performance achievable via the basic converter.

In ac-to-dc bridge converter circuits the generation of harmonic currents in the ac power
line is determined to a large extent by the input energy storage element of the filter
following the rectifiers. Because of this, the rectifier circuits are usually identified as
a choke input type or a capacitor input type and if no filter is used, a resistive input type.
Figure 1 provides a concise summary of the line current harmonics produced by each
filter type. Figure 1(a) shows the basic diode bridge converter with a generalized load.
The converter is usually isolated from the three-phase ac power line by an input trans-
former which also provides any desired voltage step-up or step-down. For simplicity
the transformer has not been included in the circuit.

Figure 1(b) summarizes the inductive input filter converter performance. The diagram
on the left provides the 'load" schematic for Figure 1(a). In this case it is an inductor _
followed by the dc load resistance. The center diagram shows the line voltage and line '3

R78-38 2-2




DELCO ELECTRONICS DIVISION ®* SANTA BARBARA OPERATIONS ¢ GENERAL MOTO.S CORPORATION

R
AR NSRS

3 )

§ £,

‘ a. Basic Bridge o

Converter

C) el
Load

b. Inductive Input
Filter

4

T

EL/ 'L Waveforms

El

'l

Vi

/ L
|

/\ L

O-
c. Capacitive Input L& €
Filter e

o—

d. Resistive Input

A\

W

'L - Harmonic Distortion

Filter

R78-38

v

Figure 1. 36 Bridge Converter Summary

I, n I %
L
™~ W
5 2
1 14.3
1 9.1
13 1.7
17 5.9
19 5.3
THD 31.1
a_ %y
1 100
5 60
7 3%
1 9
13 4
17 3
19 2
THD 65
e
] 100
5 2
7 11
11 9
13 6.5
7 5.9
19 5.3
THD 29%
2-3




DELCO ELECTRONICS DIVISION © SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

current waveforms which result. The source voltage waveform i{s shown as a pure sine-
wave which assumes very low source, line, and input transformer impedances (that is,
ideal source). The stepped current waveform would result in any converter which uses
a very large value of inductance in the filter. The listing at the right shows the magni-
tude of the significant current harmonics which exist in the current waveform and the
THD which results,

Figure 1(c) summarizes performance with a capacitive input filter. The current wave-
form and harmonic current magnitude information are shown for a typical high value of
filter input capacitance. If the value of capacitance is increased the conduction times
for the '""double hump'' current waveforms becomes shorter and current harmonics be-
come larger. Conversely, decreasing capacitance increases conduction times and the

magnitude of the current harmonics decreases.

Figure 1(d) provides similar information for a resistive input filter. In most three-phase
input converters this i{s not a practical approach and it is extremely limited in application.
The summary is included here for comparison purposes and later reference.

The conclusion to be drawn from Figure 1 is that all basic converter circuits produce
large magnitude current harmonics on the ac power lines. The current THD for an in-
ductive input filter is greater than 30 percent, a typical capacitive filter is greater than
60 percent and a purely resistive load is greater than 25 percent. It is again reiterated
that a basic bridge converter which includes a self-regulation capability uses SCR's to
achieve phase controlled rectification and results in higher current THD's on the primary
lines than those summarized in Figure 1,

+R78-38 2-4
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SECTION m1
STANDARD SOLUTIONS

The power line harmonic currents which result when using basic bridge converters are
obviously of unacceptably large magnitude. The THD's are such that most users have
applied various corrective solutions. The primary motivation has been the cost of utility
power. As was previously stated, high line current THD's result in excessively low
power factors which in turn increases costs per kilowatt of power delivered to the load.
The standard solutions which have evolved and been applied are summarized below.

3.1 HARMONIC FILTER METHOD

Conventional series-resonant filters, as depicted in Figure 2 are commonly connected to
the ac terminals of the rectifier in order to supply a shunt path for the harmonic currents.
Filters tuned to the fifth and seventh harmonics are as shown. The eleventh and highci
harmonics are attenuated by line-to-neutral connected capacitors. Independent automatic
tuning of each series-resonant filter branch, through variation of the branch inductance
or capacitance, can be used to ensure that the filter remains effective for t5 percent
variations in input power frequency. The ac line filters are, in general, large and not
completely effective. Properly tuned line filters for power converters can achieve re-
duction of approximately 45 percent of the fifth harmonic, 85 percent of the eleventh har-
monic, and correspondingly greater reduction in the higher harmonics.

HAEC TIPSR, 7 | 5 e ¥
Al -L =0 :
iy St _ﬁ.._» o S - DC?:“PU‘ '
Power § ~m_ l = , Voltage
By - v
B . SRS NP
= Rectlﬂer
b et St
Harmonlc Filters
° 'l. (Input) THD reduction (typical) from 31 to 45%
e Complex for multifrequency inputs
® Power fliters "track'' poorly
e Large and heavy 3
Figure 2. Harmonic Filter Method
R78-38 3-1 ]
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3.2 MULTIPHASE RECTIFICATION METHOD

The basic converter uses a three-phase full-wave bridge rectifier circuit. It is possible
to produce any number of phases from the basic three-phase system by introducing ''stub’
windings on the secondary basic leg windings. As the number of phases increases the
amplitude of the current harmonics produced on the input power lines decreases. Typical
installations use multiphase transformers and rectifiers that are odd multiples of three
phases in order to obtain a doubling effect in the dc output voltage ripple frequency as well
as achieve input line current harmonic reduction. A nine-phase rectification solution is
shown in Figure 3. It is considered as a standard solution since the next odd multiple of
three phases would be fifteen-phases where it becomes extremely difficult to wind the re-

quired transformer or achieve predicted improvements in current harmonic reduction.

‘494 MerI

£
FETTTTT5T

Primary  Secondary FW Bridge Rectifier Load

o Il(lnpul) THD 7%, 17th harmonic and up

e Secondary utilization factor = 0.463

® 15kW, 0.8pF unit requires 40kVA transformer
o Large weight penality

Figure 3. Nine-Phase Rectification Solution

The nine-phase solution provides fairly low line current THD's with individual harmonics
being relatively high in frequency. The penalty paid for the improved performance is
associated with the transformer weight. This comes about because of a required increase
in the voltampere capacity of the secondary windings. As the number of secondary wiad-
ings increases beyond a theoretical optimum of 2,69 phases, each winding is utilized or
less time, the secondary voltampere capacity increases and the weight and volume in-
crease as well, The multiphase rectification solution has been found acceptable in those
industrial and military applications where the weight/volume penalty can be accommodated.

R78~38 3-2
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3.3 HARMONIC COMP ENSATORS

A third solution which has been implemented in some industrial applications involves the

introduction of harmonic compensator generators. In this approach harmonic currents

are injected to cancel the harmonic currents generated by the main converter. The in-

jected currents are produced by suitable combinations of auxiliary generators and energy

storage elements across the three-phase power system, usually on the secondary of the

input transformer. The generalized approach is shown in Figure 4 where the current v
source generators can be called harmonic compensators. The harmonic compensators :
can be readily designed to eliminate the dominant harmonic at a specific load, but the

design becomes very complex if all major harmonics are to be reduced to maintain low

THD and power factor over a large load range. For the general application which in-
volves multiple and varying input frequency plus a large load range, the design becomes
extremely complicated, expensive, and excessively heavy.

1 SEC OF CONV-XFMR *_TT-O
| O f
H y f % % A |
CURRENT i
{ 3 |
sounce/, SR 0 {i
| y 2 i
O ;
| A\ —
(a) o)
CURRENT INJECTION
CURRENT INJECTION |
FOR WYE INPUT FOR DELTA INPUT |
' |
Figure 4. Harmonic Compensation Generators |




DELCO ELECTRONICS DIVISION ¢ SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

SECTION IV
DELCO SOLUTION

4.1 BACKGROUND

Through internal research and development programs over the past 6 years, Delco Elec-
tronics has studied solid state power conditioner systems and their application to a broad
range of power requirements. This activity has included development of ac-to-dc con-
verters which provide for significant reduction of the current harmonics produced on the
input power lines. The converter configurations which Delco has pursued make use of
basic bridge converters followed by dc-to-dc converters (or choppers) which provide
necessary regulation and control.

In general the de-to-de converter must have a low output impedance and provide rapid,
precise voltage regulation from full voltage down to very low voltage in order to meet

current limiting requirements fmposed on the overall converter. To achieve rapid re- 3
sponse, high efficiency and small size, the chopper section must use high-frequency de
switching regulation. The de-to-de converter could be implemented using standard tran- E
sistor or SCR chopper circuits which use pulse frequency modulation (PFM) or pulse :
width modulation (PWM) to achieve the required regulation and control. However, Delco
has selected the resonant sinewave inverter as the basic module for performing the high

frequency dc switching function. The converter module uses pulse frequency modulation
(PFM) into a series resonant power circuit to achieve output pulse amplitude modulation |
(PAM) and control response, which yields the desired performance. .

Figure 5 provides a concise summary of the typical performance achievable through use

of a standard chopper-configured ac-to-dc converter. The upper portion of Figure §
shows a simplified diagram of the conventional three-phase full-wave bridge rectifier
followed by a high frequency de-to-dc converter. The do-to-dc converter used to obtain
the data supplied in the lower portion of the figure was the resonant converter discussed
above, but similar data would result from all well designed high frequency chopper con-
figurations. The waveforms and harmonic current data were taken with a 6 kW load on the
converter as shown. The line voltage waveform suffered some degradation in voltage THD
due to the relatively high impedance of the laboratory source interacting with the extremely

+R78-38 4-1
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Figure 5, Standard Chopper Converter Configuration and Performance

distorted line current wave shapes which resulted. As stated in the figure, the line cur-
rent THD was a totally unacceptable 48 percent for this standard configuration.

4.2 DELCO CONVERTER CONFIGURA TION i

Using the resonant converter modules in combination with bridge rectifiers, Delco has
conceived a new ac-to-de converter configuration which achieves significant reduction
of current harmonics produced on the input power lines while simultaneously providing
required regulation and control. A block diagram of the Delco ac-to-ac converter con-
figuration is shown in Figure 6.

The Delco approach uses a separate ac-to-dc converter on each phase of the three-phase
input line with the dc voltage outputs of the three converters appropriately paralleled and
controlled to provide necessary regulation. Proper control of the high frequency resonant
converters or choppers results in the desired ac-to-dc conversion as well as providing 1
superior performance in terms of harmonic currents generated on the input power lines.

R78=38 4~2
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Figure 6. Delco Converter Configuration

Figure 7 shows a summary of the performance achieved with the Delco configuration at

a load of 6 kW. Figure 7 may be directly compared with Figure 5 to illustrate the tre-

mendous improvement in both line voltage THD and line current THD which results from

the new approach. The reduction in line voltage THD from 7.2 percent to 2, 8 percent |
is a direct result of the large reduction in current harmonics generated on the power line. . t
The improvement in line voltage THD serves to illustrate that even soft or relatively high }
impedance power sources (that is, the Delco laboratory three~phase Variac and isolation |
transformer) can maintain sine waves of voltage if the harmonic currents injected on the

lines are small,

The only difference between the hardware implementation of the ac-to-dc converters of
Figure 5 and Figure 6 18 associated with the fact that six diode rectifiers are used in Figure

5 and twelve diode rectifiers (four per each 1¢ fullwave bridge) are used in Figure 6. The
resonant converter of Figure 5 actually used three converter modules identical to those of
Figure 6 except that both the input and output were paralleled. Three modules were used

in Figure 5 in order to achieve the same output power levels as the new converter of Figure 7.

R78-38 4-3
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Figure 7. Delco Converter Performance at 6 kW

The new Delco converter as shown by Figure 6 was designed to provide 18 kW at 300 volts
dc. (Any desired dc voltage can be provided simply by changing the turns ratio of the

high frequency transformer used in each resonant converter module.) Figure 8 provides
a performance summary of both the input voltage and current THD achieved at various
load power levels for the converter. It can be seen that near rated load, the line current
THD is below 38 percent. It should be pointed out that the higher current THD (6 percent
of actual load current) at the light, 6 kW, load of I'igure 7 converts to 2 percent THD when
normalized to the 18 kW rated load.

The impressive current harmonic performance of the new Delco ac-to-dc converter is
achieved without resorting to one of the large, heavy and complex standard solutions pre-
gented in Figures 2, 3, and 4. I fact, the new converter configuration {s no more com-
plex than the common rectifier plus de-to-dc chopper converter shown by Figure 5.
Discussion of the basic differences between the configuration of Figure 5 and the new con-
cept of Figure 6 provides an understanding of the reason for such superior performance.
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Ep, THD = 2.1%

Load 18.9 kW at 300 Vde

I, THD = 2.9 %

I THD =22 % :
Ep THD =2,7%

Load =6 kW at 300 Vdc

I, THD =6%

“Per Unit _
1, THD " 2%

Ep, THD = 2,3%
Load = 15 kW at 300 Vdc
I, THD=3.6 %

Per Unit_
1, THp "3 %®

Figure 8. Rated Load Performance

4.3 OPERATING PRINCIPLE

A functional understanding of why the new configuration provides such a dramatic reduc-
tion in line current harmonics can be realized through discussion of the rectification

mechanism at the input to the converter. The previous discussion associated with Figure 1

provided a summary of the current harmonics which appear on the input power lines as a
result of the three-phase, full-wave bridge, rectification process. Figure 1(d) indicated
that the lowest current THD obtainable was 29 percent with a purely resistive load on the
rectifiers. The new converter concept uses single-phase, full-wave bridge rectifiers

on each phase of three-phase power line input. Figure 9 summarizes the current harmonic
performance achievable using single-phase, full-wave bridge rectification with an ideal,
purely resistive load.

As the figure indicates, this type of rectification process results in line current wave-

forms which conform to the shape of the input line voltage waveform. With a resistive
load and ideal diodes in the bridge circuit there is a path for current to flow from the

R78-38 4-6
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Figure 9. 1, Full-Wave Bridge, Rectification
Current Harmonic Performance

source through the load during both positive and negative swings of the source voltage.
This form of rectification process is not normally useful since the voltage developed
across the load is in the form of half sinusoids which is not acceptable for most dc loads.
Adding filter elements across the resistive load results in the injection of current har-
monics on the input lines similar to that summarized by Figures 1(b) and (c).

Since large filter elements cannot be included after rectification without adversely affect-
ing line current harmonics, it is desirable for any do-to~dc chopper or converter included
at this point in the circuit to present essentially a resistive impedance to the bridge recti-
flers. The resonant converter block in Figure 9 poses the question: Does the Delco high
frequency resonant converter approximate a resistive load? Figure 10 shows a brief
summary which is intended to show that dc-to-dc choppers followed by transformer recti-
fler circuits can, as a first approximation, be considered to present a resistive load to
the input rectifier circuit. The transformer and rectifier combination shown at the output

R78-38 4-6
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Mg + 140 Vac
>
] t—e 100N :
AC Input ——{RECTIFIER PAM/PFM SWITCH 3; E + % ' %
|

Q// - 140 Vdc

o
Rationale
AC Input —IRECTIFIER PAM/PFM SWITCH % Transformer rectifier
0.9 pF; therefore the
input is approximately
resistive.

b ety Rationale
) ECTIFIER % PAM/PFM switch ideally

resistive at input

Figure 10. DC-to-DC Converter, Simplified

of the circuit (top right, Figure 10) represents a 0.9 power factor (that is, highly re-
sistive) load to the chopper or converter circuit, Figure 10 implies a resonant converter

as the switching element, but all forms of the high frequency chopper circuit can be approxi-
mated by the ideal switch shown. In any case the ideal switch transforms the resistive
transformer/rectifier load as a resistor directly across the input single-phase, full-wave
bridge rectifier. The rationale of Figure 10 suggests that, to the extent that the chopper
circuit approximates an ideal switch, the load on the input rectifiers may be sufficiently
resistive to greatly reduce the harmonic line currents generated.

Figure 11 provides a measure of just how close the resonant converter comes to present-
ing a purely resistive load to the single~phase, fullwave bridge rectifiers. The current
harmonics injected on the input line are considerably less than those resulting from the
three-phase, full-wave bridge connection of Figure 5 (26.5 percent THD vs 48 percent

: THD); howevcr, the result is far greater than that achieved with a resistive load on the

E single-phase bridge connection. The 26.5 percent THD results from the fact that the
resonant converter requires some nominal capacitance at the input (as shown in Figure 11)
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in order to function properly.
each diode to something less than the ideal 180 degrees achieved with a resistive load and
results in the line current waveform shown in the figure.
reinforce the previous conclusion that it is desirable for the de-to-de converter to present
a purely resistive load to the rectifier bridge.
It is possible that other forms of de-to-de converter may provide superior performance

£ - 28Vac -15% O

L

Output DC Load

Figure 11,

L
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! o
9 6°
11 3
THD 2.5

18 Converter Actual Performance

The nominal capacitance shortens the conduction angle of

The waveforms of Figure 11

Clearly, the resonant converter does not.

when operating as the single-phase ac-to-de converter module of Figure 11,

Despite the relatively high current THD resulting from each single-phase converter module,
when the circuit as shown in Figure 11 is expanded to the three-phase ac-to-de converter
configuration shown in Figure 6, the performance results reflect the tremendous reduction
in line current THD shown by Figures 7 and 8.
ment with the three-phase connection lies in the distribution of the current harmonics which
The right-hand table of Figure 11 shows
that the major current harmonic distortion contributors are the third and ninth harmonics

result from each single-phase converter module,

of the fundamental power line frequency.

R78-38
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triplen harmonics (that is, 3n x fundamental, where n is an integer). In a balanced
three-phase system, the triplen harmonics produced in any one phase are completely
cancelled by the triplen harmonics produced by the remaining two phases (the instan-
taneous sum of the triplen components in a balanced three-phase system is equal to zero).
Therefore, the basic criterion for successful operation of the new Delco converter con-
_ figuration is that the de-to-dc converter followl‘;gwthe one-phase, full-wave bridge recti-
fler must present either a purely resistive load or have such a low reactive component

that primarily triplen harmonic currents are generated when operating in a single-phase
mode.

i S S OGS b ST B 0

AL AR A 3 e FM L P AR5
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SECTION V
CONVERTER POWER CIRCUITRY

5.1 GENERAL

It was pointed out previously in the background discussion in Section IV that the resonant
sinewave inverter has been selected as the basic module for achieving the necessary de-
to-dc converter function in each phase of the input line voltage. The input voltage from
each phase is rectified and ylelds unregulated dc voltage at the input to the de-to-dc con-
verter. The unregulated dc voltage is converted to high frequency quasi-sinewaves by

the resonant inverters and passed through coupling capacitors and a high frequency isola-
tion transformer to a second full-wave rectifier and filter, thus providing regulated de
voltage. Regulation is achieved by changing the operating frequency of the inverter, hence
causing the reactance of the resonant circuit formed by the coupling capacitors and power
circuit inductances to change and thus also change the output voltage from the isolation
transformer.

The de-to-de converter uses bridge-type inverters similar to those found in various power
converter and inverter applications., The major difference between a standard bridge cir-
cuit and the resonant bridge circuit is that with the conventional types, the internal current
pulses are square in shape, whereas in the resonant inverter the current pulses are half

sinusoids.

The resultant soft switching of devices reduces stress and EMI, and allows higher fre-
quency operation of the basic inverter. Although the resonant inverter may be implemented
with either transistors or SCRs as the power switching devices, the approach is ideally
suited to SCRs for the following reasons:

Turn-on losses are low due to the slow rising currents

Small snubbers are required because dv/dt is low

Pulsed drive, as opposed to continuous gate drive, is adequate
Natural commutation is inherent; no additional forced commutation

is required

Commutation losses are very low

Current limiting is inherent; commutation is fail-safe

Available SCRs have power-bandwidth products in excess of requirements.

R78-38 5-1
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The approach is best understood when developed in terms of a basic resonant inverter
module which generates the half-sinusoids of current.

5.2 A TWO-SCR RESONANT INVERTER

Figure 12 shows a simple resonant inverter circuit. L1' Cl' and RL constitute a series
RLC resonant circuit which is driven by a square wave generated by SCRs Q1 and Qz. If
Ql and Q2 are triggered at a frequency below resonance, they are self- (or naturally) com-
mutated. Q1 generates a positive half-cycle at the end of which the RLC tank circuit cur-
rent reverses and diode CR1 conducts. Q1 is reverse-biased and, hence, commutated

off while CR1 is conducting and C1 charges to a high positive value. Q2 is triggered

some time after Q1 is reverse-biased, which recharges C1 to a high negative value when
Qz commutates off, thus allowing Q1 to be turned on again. The period required for
commutation of Q1 and Q2 limits the upper operating frequency.

+0— 9 +
‘#Ql %CR]
SOURCE DC |
& 8
R
%02 CR2

- O—

Figure 12. Two-SCR Resonant Inverter

For reliable commutation all that is necessary is the assurance that this period is never
less than the minimum recovery time required by the SCRs chosen for Q1 and Qz. There

is no lower limit on operating frequency.

There is a functional relationship between the energy dissipated in the resistor RL and

the trigger frequency. This relationship, the only one by which output control is achieved,
is smooth anc monotonic. RL may be replaced by an output rectifier, filter, and load
resistor to provide a half-wave dc-to-dc converter as shown by Figure 13.

‘R78-38 5-2
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Figure 13. Half-Wave de-to-dc Converter

5.3 FOUR-SCR RESONANT CONVERTER

The simple circuits of Figures 12 and 13 are extended to the circuit of Figure 14, a full-
wave resonant converter. Note that full-wave operation is obtained by tiiggering Ql and
Q 4 simultancously and alternating that triggering with the simultaneous triggering of Q2
and Qs. Full-wave operation not only doubles the output power capacity of the converter,
but drastically reduces the size of the filter capacitors required. Since capacitors C1
and C2 provide isolation, RL may be referenced to any point and not necessarily to the
negative line shown.

+ O-
C3
SOURCEDC == J_“_’
L S RL
3
- o—

Figure 14, A Four-SCR Resonant de-to~dc Converter
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In addition to the extension to a full-wave circuit, Figure 14 indicates several circuft
refinements which have been found to be highly desirable. The primary functions of the

additional components are as follows:

Cq and R, ave RC-type snubbers which reduce reapplied dv/dt
Lgs Ligs 1.5. and L6 aid snubber action, H{mit dt/dt, and reduce
turnon losses.

® C.3 fnoreases turnoff time.

Although the circult of Figure 14 is useful tor supplying power to well-behaved loads,
rapidly varying loads can cause commutation failure. This problem is circumvented
by the use of commutation monftor circuitry which functions as follows:

The conduction states of Ql' (92. QS and Q 4 Ave continuously monitored
@ If, for example, Ql and Q 4 are conducting, Q,.3 and QS are not permitted
to receive triggers.
) Qz and (.)3 are not permitted to receive triggers until Ql and Q 4 have
been reverse-biased at least long enough to assure their ability to block
the forward voltage produced when Qy and QB are triggered.

5.4 DELCO CONVERTER POWER CIRCUITRY

By adding input rectifiers and an {solation transformer, the circuit of Figure 14 can be
altered to achieve the basic power cirouit which forms the basis for each one-phase ac-
to-de converter. The resulting power circuit which incorporates these changes {s shown

in Figure 15.

Operation of the 4-SCR resonant inverter portion of the module is {dentical to that pre-
sented in reference to Figure 14. The circuit of Figure 156 appears somewhat simpler
since the resonant circuit components I.l. 1.2 ' (‘l. and (‘2 of Figure 14 are replaced by
l.‘.. (“.. and 'I‘l in the final configuration. (‘,). of Figure 15 resonates with the sum of

the leakage inductance of isolation transformer 'l‘l and Ly which is designed to be equi-
valent to the sum of l,1 and ly of Figure 14,

T, 18 added to sense shut-off intervals for the positive side SCRs, Ql and Qq, and for the
negative side SCRs, Wy and Q4. Control logic, discussed in Section VI, s used to en-

sure & minimum duration in excess of the design 'l‘q.
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Tg 18 added to sense transformer T, primary current. This sense signal is rectified
in the control logic to provide a control voltage approximately proportional to the phase
direct current output.

Figure 15 represents a single-phase converter equivalent to one block of the full three-
phase converter depicted in Figure 6. A power.schematic diagram including an input | J
filter for the fuli three-phase converter is shown in Figure 16. A detailed electrical ; J
parts list for the circuit of Figure 16 is given in Appendix A.

R78-38 5-6 i
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SECTION VI

CONVERTER CONTROL CIRCUITRY

6.1 GENERAL

When the converter is used in a frequency changer as compared with its use as an inde-
pendent reguléted dc power supply, there is a major impact on the complexity of its _
control circuitry. In the former, several additional control inputs are necessary. Re-

quirements are compared in Table 1,

Frequency Changer

Control Input Regulated dc Supply

¥e Converter commutation protection Desirable
2. Converter output voltage, VDC Necessary
3. Converter output current, IDC Desirable
4, Converter output current — each

phase, I AC Desirable
5.  Converter dig./dt (failed in-

verter commutation) Unnecessary
6. Inverter output voltage (average

of three phases), V AC Not applicable
s Inverter output current — each

phase (highest of 3 controlled) Not applicable

Table 1. DC Power Supply and Frequency Changer

Control Requirements

It is evident from Table 1 that the control circuitry which might be developed for a stand- ;
alone regulated dc power supply would be necessary, but not sufficient in a frequency
changer. It was necessary therefore, in developing control circuitry for the AC-DC

Converter, to design it for the frequency changer use.

A block diagram showing the implementation of the seven different control inputs of Table 1
is given in Figure 17. Each of the control signals is passed through isolation and attenua-
is not completely isolated, but is differentially sensed by an amplifier
with good common-mode rejection. All other signals are isolated by transformers and '

tion circuits. VDC

then attenuated with resistive dividers.

R78-38
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The regulator section is completely analog in design. The appropriate control signal is
compared with a precision reference. The output of the regulator section is a control
voltage related to the difference from this comparison or error., Signal conditioning is
also accomplished in this section. Both control input and error signals are filtered as
required for stability and low control noise.

The voltage-controlled oscillator (VCO), short commutation protection, and SCR gate i
drive logic are combined in the gate control section. The VCO provides output pulses

whose frequency is proportional to the input command (error signal from the regulator).

Thus, A to D conversion takes place at this analog port. All other internal circuits in 3
this section use digital logic. The output is pulses of 12 microsecond duration whose
frequency is that of the VCO divided by 24. This may be interrupted to provide sufficient
commutation time for the converter SCRs when required.

The gate driver section provides power amplification and isolation of its 12 microsecond
input pulses to drive the 12 converter SCR gates. This section is digital in nature with
the exception that it uses linear current sources to supply gate drive current.

6.2 ISOLATION AND ATTENUATION CIRCUITRY

Isolation and attenuation circuitry, which is used to sense and condition various control
inputs discussed in Section 6.1, is shown in schematic form in Figure 18. With excep-
tion of VDC (the converter output voltage), isolation is accomplished by transformers
as shown, All rectification and resistive attenuation is implemented on a circuit card
assembly (CCA), designated AS5.

Diode clamps are used to limit the output voltage of the commutation sense transformers.
Their outputs are fed to comparators which sense the conduction duration of converter
antiparallel diodes and, hence, SCR reverse bias time, All other transformer outputs
are rectified so as to provide dc signals proportional to transformer primary current or
voltage, as is applicable.

Although not used in conjunction with the regulator section, converter input voltage sens-
ing transformers are shown in Figure 18, These are used to provide frequency changer
overvoltage and undervoltage protection and lost phase protection. Thus they will be used
in the integration of the AC-DC Section with the inverter.

R78-38 6-3




| e R T R R R ]

|- S|

| -

-

DELCO ELECTRONICS DIVISION © SANTA BARBARA OPERATIONS ® GENERAL MOTORS

CONVERTER SENS/NG

SMIELD
| ce) RI
" — 14 An——
e 2ok papueur
1 T 0K voLT. SEnsE
conv 1 tL \ cR2 w
InpoT —— +
VOLTAGE TiA )
]
)
\ ce3 g
#9 — e
: el i “20-0'( “ﬁm
! 160K YOLT, SEWSE
ll q CRrRY ] sWw
. +
.

SHIELD

Ry @MCOMMuUTATION A CURRENT

I SENSE

RS @B lommuTAToN @B CURREAT

K SEWSE

(R & (R

:” A3 "7
)
! |

R e CommuTATION o CorREn

SEnSE

CORPCRATION
__________________ -4
f--—--’-_‘—"_--— - e @ e e
1
1
X e conv
: +LINE -LINE g4 our
i
o Rio
cown durpor ”7""’" .
roLiAca e
S e
A 1
79,76 "
! &8 oo
| =
|
!
|
|
SHI8LO '
e
+ - : e
INV IN CR X CR 4 | (i c ovT 3
mrnr "'03 o z'f ; = feor
Temssemse T e ) ce . TY
= 207 22F " oo
1 Jo XAy
; e e NEUTRAL.
|
|
]
SWISLD !
] | e
- RG] ' PA TNV OUTPUT
X e CURREAT
¢R &R ) !
% 23 25 ! 1 .
sEvse iy 3 >
200 R &R ' T3A ‘
+ 200 G453 : ]
’ ¢5 Iwwni
L CORRENT
! | —
= T .
[} ]
CR HCR | “i# —
SENSE = R —t ; JCINV ou’
& 30 CR &R ( T38 CURRENT E
+ 200 2% ljo .
1
|
o —
= L !
INGZINE
|
T "; A R & R | T3¢
> 200 ST ¥ N '




@B ovT |

r37 Ra!
L VP —
# ’ Qi Ok B Ty ourpur
- F ,}L‘ VALTACE SENSE.
{ ' CcR3% | W *
i
|
|
CR39 R22

fj;j!@—i

FRE e

1‘ CRY® sw &
NEUTRAL_ TSC 'l
|
1
i
|
| =8
TR
PA Zav DOTPUT ' R $A INVY OUTPUT
CeENT % CORRENT SENSE
I ey b %) +
TéA |
s -
g8 Inv ouTRPUT : R &8 Inv ouTPUT
CORRENT T 27 CURRENT SENSE.
CRYY 27 o
6
768 1 ke £
- ") :
dc Tav ourPUT | fc zwv ourpur
CURRENT | % CURRENT SENGE.
; CR4b | 287 jrom
Tée
L oW cch -
— A A e e e

Figure 18. Input/Output Sense Circuits — CCAAS5

6-4

/

e e e

A




DELCO ELECTRONICS DIVISION ® SANTA BARBARA OPERATIONS ¢ GENERAL MOTORS CORPORATION

|
l
|
!
T

1
|
4
|

An electrical parts list for CCAAS5 is provided in Appendix F. With exception of the con-
verter output voltage transformers, which are commercially available MIL-T-27 isola-
tion transformers, all transformers are made by Delco.

6.3 REGULATOR SECTION

The regulator section consists of one analog CCA, designated A1. The circuitry is de-
picted schematically in Figure 19 (on 3 sheets). The following is a brief description of
the function of the various IC components.

Ul - temperature stable, precision, +6.00V, *1%, reference voltage source
U2A,B -  differential amplifier for attenuated V. signal, output is +VDC/60
v2C - VDC error amplifier, with principle loop phase lag compensation |
U2D - VDC error inversion amplifier
U3A,B,C - 3 single phase converter output current amplifiers in highest of

three outputs circuit configuration
U3D - norma!, slow responding, converter phase current error amplifier

with phase lag compensation

U4A - transient, fast responding, converter phase current error amplifier
with phase lag compensation

U4B - dc voltage to current mode transition hysteresis amplifier, provides
clean control mode transition

v4cC - rate of change of dc output voltage sense amplifier, triggers a
monostable multivibrator (MSMV) in the gate control circuit on CCAA2. |

U4D = VDC’ IDC control voltage buffer
U5A,U5B - VDC' Inc control voltage low pass filter for smoothing r
UsC R VDC’ IDC control voltage severe transient filter bypass amplifier
U5D - VDC’ Inc control voltage inverter, buffer |
U6BA, B -  VCO control input amplifier sums dominant loop control signal and ‘
output of the VDC high pass filter, U6C
uéecC - Vpe high pass filter for phase lead compensation
U7A,B,C - 3 single phase converter output current amplifiers in highest of
three output circuit configuration
U7D -V AC’ inverter ouq:.tgrglstage, amplifier in average of three output
circuit, output is 54
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