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[57] ABSTRACT

A series resonant inverter is controlled to provide a
substantially constant output voltage to a load. The
control utilizes a combination of optimal control meth-
ods and phase modulation to enable time optimal re-
sponses to changes in state of the system. State determi-
nants (including resonant capacitor voltage, resonant
inductor current, source voltage, and output load volt-
age) are continuously monitored, and an optimal con-
trol signal is generated therefrom. When operating
within the operable frequency range of the inverter’s
controllable switch means, frequency is varied to main-
tain proper operation. When operating at an extremity
of the operable frequency range, phase modulation is
employed.

9 Claims, 9 Drawing Sheets
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RESONANT INVERTER EMPLOYING
FREQUENCY AND PHASE MODULATION USING
OPTIMAL TRAJECTORY CONTROL

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion: matter printed in italics indicates the additions made

by reissue.

FIELD OF THE INVENTION

The present invention relates generally to resonant
inverters. More particularly, this invention relates to a
series resonant inverter with improved control which
utilizes a method of optimal control in combination
with phase modulation to maintain substantially con-
stant output voltage over a wide range of operating
conditions.

BACKGROUND OF THE INVENTION

Resonant inverters advantageously have low switch-
ing losses and low switching stresses. However, reso-
nant operation is complex due to the fast dynamics of
the high-frequency resonant tank circuit; and, hence,
control is difficult. Disadvantageously, when input
power or output load conditions vary, output voltage or
current contro! cannot be achieved through the use of
usual control techniques. For example, one known reso-
pant inverter output load voltage or current control
method is to vary the frequency of the rectangular
wave signal supplied to the resonant circuit by the in-
verter via closed loop control. Commonly assigned U.S.
Pat. No. 4,541,041, issued on Sept. 10, 1985 to J. N. Park
and R. L. Steigerwald, which is hereby incorporated by
reference, discloses in part such a frequency control
technique. Briefly explained, the resonant nature of the
circuit allows for control of output voltage or current
through variation of the frequency at which the invert-
er’s controllable switch means operate. Such a fre-
quency control method has been formed satisfactory
under normal output load conditions for particular
types of resonant inverters (i.e., heavy or medium load
conditions for a series resonant inverter and light load
conditions for a parallel resonant inverter). The draw-
back to frequency control, however, is that it may be
inadequate to maintain a desired output voltage or cur-
rent under extended output load conditions (i.e., light or
no load conditions for a series resonant inverter and
heavy load conditions for a parallel resonant inverter).

In particular, frequency control of a series resonant
inverter will normally be adequate to maintain a desired
output voltage during heavy or medium load conditions
(i.e., low load resistance); that is, for heavy or medium
load conditions, a series resonant circuit has a high
quality factor Q and thus a good dynamic range of
voltage or current change as frequency is varied. How-
ever, under extended or light output load conditions
(i.e., high load resistance) the series resonant circuit
exhibits a low quality factor Q and thus only a small
dynamic range of output voltage or current change can
be achieved as a function of frequency. As a result, for
a series resonant inverter, it may be impossible to main-
tain a desired output voltage or current under light load
and no load conditions solely with frequency control.

A resonant inverter control which provides an im-
proved dynamic range of output voltage or current
control is disclosed in U.S. Pat. No. 4,672,528, issued
June 9, 1987 to J. N. Park and R. L. Steigerwald and
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assigned to the assignee of the present invention. This
patent, which is hereby incorporated by reference, de-

 scribes a resonant inverter which is controlled using
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either a frequency control mode or a phase shift control
mode. In the frequency control mode, output voltage is
controlled by varying the frequency of the rectangular
wave signal supplied to the resonant circuit within an
operable range of the controllable switch means. Select-
ing means allows the control to operate in the phase
shift control mode when the frequency of the rectangu-
lar wave signal is at an extremity of the operable range
of the controllable switch means.

Another method of resonant inverter control, which
is derived from optimal control theory and state plane
analysis, is presented in “Resonant Power Processors:
Part 1I-Methods of Control” by Ramesh Oruganti and
Fred C. Lee, 1984 Industry Applications Society Pro-
ceedings, pp. B68-878, and is hereby incorporated by
reference. According to this method, hereinafter desig-
nated “optimal trajectory contro!” to be described In
detail below, each state trajectory corresponds to par-
ticular values of instantaneous resonant tank energy,
output voltage, output current and switching fre-
quency. These state trajectories are utilized to define a
control law for the inverter control system which ena-
bles a series resonant inverter to respond quickly to load
and control requirements. Disadvantageously, how-
ever, in the method of “optimal trajectory control”, as
it presently exists, the controlled range of output volt-
ages is limited in the same manner as the hereinabove
described conventional frequency control method.

Accordingly, it is an object of the present invention
to provide a new and improved resonant inverter exhib-
iting an improved dynamic range of output load voltage
control.

Another object of this invention is to provide a new
and improved resonant inverter control which utilizes a
combination of optimal control methods and phase
modulation to maintain output load voltage substan-
tially constant during all loading conditions.

Still another object of this invention is to provide a
new and improved resonant inverter control which
switches automatically between different control means
to maintain a substantially constant output load voltage.

Yet another object of the present invention is to pro-
vide an improved method of controlling a resonant
inverter in order to maintain a desired output load volt-
age.

SUMMARY OF THE INVENTION

In accordance with the present invention, a new and
improved resonant inverter is controlied using a combi-
nation of optimal trajectory control and phase modula-
tion. In particular, optimal control means are employed
to continuously monitor resonant capacitor voltage,
resonant inductor current, [rectangular wave voltage
applied to the resonant tank circuit] source voltage and
output load voltage, thereby determining the instanta-
neous “states” of the resonant inverter. A control law,
defined in terms of state plane analysis, enables mainte-
nance of stable operation on state trajectories corre-
sponding to particular values of the aforementioned
state determinants. In this way, the improved control
enables a time optimal response corresponding to a
change in load conditions and, hence, a fast and efficient
transition between state trajectornes.
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For a series resonant inverter operating above reso-
nance, there is a8 maximum frequency at which the con-
trollable switch means can adequately function. When
operating within the operable frequency range of the
controllable switch means (i.e. below this maximum
frequency and above the resonant frequency), a first
control means provides frequency control signals
which frequency modulate the rectangular wave volt-
age applied to the series resonant circuit so as to provide
a constant output voltage and maintain stable operation.
At an extremity of the operable frequency range of the
controllable switch means, inverter contro! automati-
cally switches to a second control means. The second
control means calculates a phase modulation angle cor-
responding to the desired output voltage and generates
a phase shift control signal representative thereof. By
thus combining a method of optimal control with phase
modulation, a broader dynamic range of output load
voltage can be achieved under all operating conditions.

In another aspect of the present invention, a method
18 provided for controlling output load voltage through
a combination of optimal control methods and phase
modulation.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention
will become apparent from the following detailed de-
scription of the invention when read with the accompa-
nying drawings in which:

FIG. 1 is a schematic representation of a dc-to-dc
converter including a series resonant inverter;

FIG. 2 is a graphical illustration showing the magni-
tude of the output voltage plotted against the log of the
frequency of the rectangular wave signal supplied to the
series resonant circuit employed in the inverter of FIG.
1 for heavy load, medium load, light load and no load
conditions;

FIG. 3 is a single state trajectory, state plane diagram
for the resonant inverter of FIG. 1 operating above the
resonant frequency;

FIG. 4a is a graphical representation of the rectangu-
lar wave voltage applied to the series resonant inverter
of FIG. 1;

FI1G. 4b is a graphical representation of the phase
modulated signal of FIG. 4;

FIG. 5 15 a graphical illustration showing the ampli-
tude of the first harmonic of the signal of FIG. 5 plotted
against the phase modulation angle;

FI1G. 6 is a functional block diagram of a resonant
mverter control system employing the series resonant
mnverter control of the present invention;

FIGS. 7a and 7b together comprise a functional block
diagram of the preferred embodiment of the resonant
inverter control according to the present invention; and

FI1GS. 8a-8i are graphical representations of output
signals from certain elements comprising the block dia-
gram of FIGS. 7a-7b in order to illustrate operation of
the resonant inverter control 12 of the present inven-
fion.

DETAILED DESCRIPTION OF THE
INVENTION

The improved resonant inverter control of the pres-
ent invention will be described with reference to the
dc-to-dc converter shown in FIG. 1. An external source
(not shown) provides input dc voltage V; to the con-
verter at terminals 10 and 11. Connected across termi-
nals 10 and 11 is a full bridge inverter 12 having four
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switching devices that are capable of carrying reverse
current and capable of being turned off by a switching
signal. The switching devices are illustrated as bipolar
junction transistors (BJTs) S1, S2, S3 and S4. Each
respective switching device has a diode D1, D2, D3 and
D4 connected in inverse parallel therewith, respec-
tively. In operation above the resonant frequency, the
switching devices are turned on at zero current, and the
inverse parallel diodes are commutated naturally.
Hence, fast recovery diodes are not required. More-
over, other switching devices with gate turn-off capa-
bility could be used instead of the BJTs, such as FETs
each having an integral parasitic diode for carrying
reverse current or monolithic Darlington power transis-
tors. It is further to be understood that the full bridge
inverter is illustrated for purposes of description only
and that the control technique of the present invention
is not limited to such an inverter.

A series resonant tank circuit, comprising an inductor
14, a capacitor 16, and the primary winding of an isola-
tion transformer 18, is connected between junctions a
and b. The secondary winding of transformer 18 is
connected to the input of a full wave rectifier 20. The
output of the rectifier is connected in parallel with a
filter capacitor 22 and an output load (not shown)
across which the converter output voltage V, is pro-
duced.

‘The resonant nature of the output load voltage of the
inverter of FIG. 1 is shown graphically in FIG. 2,
where the magnitude of the output load voltage is plot-
ted against the log of the frequency of the rectangular
alternating voltage Vg which is produced by inverter
12 and applied across the series resonant circuit. For
proper power switch self-commutation, operation
above the natural resonant frequency f, is necessary.
However, there is a maximum frequency fmax bevond
which these switching devices will fail to operate satis-
factorily. Thus, an operable range OF of the switching
devices is defined as that frequency range between f,
and {mgx. During medium or high output load condi-
tions, variation of frequency within this operable range
OF is sufficient to provide the desired output voltage or
current control. As illustrated graphically in FIG. 2, a
desired converter output load voltage Vg may be main-
tained during heavy load and medium load conditions
by frequency control of the rectangular wave voltage
Vap. However, during light load and theoretical no load
conditions, variation of frequency within the operable
range OF would be insufficient to attain the desired
output load voltage Vg The present invention, there-
fore, employs a control technique for enhancing the
dynamic range of converter output voltage control
primarily needed under light load or no load conditions.

Within the operable frequency range OF of the con-
trollable switching devices, the switches are controlled
by a method of optimal trajectory control. This method
1s derived from optimal control theory and state plane
analysis. In accordance therewith, the “control law” of
the system is determined by the desired state of the
system. An instantaneous state of the system is a func-
tion of resonant capacitor voltage, resonant inductor
current. [ voltage applied to the resonant tank circuit)
source voltage and output load voltage. An instantaneous
state corresponds to a specific state trajectory. The
desired state trajectory, therefore, determines the con-
trol law of the system.

For operation above the resonant frequency f, FIG.
3 illustrates a state plane diagram for the resonant in-
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verter of FIG. 1. At the outset of the ensuing state plane
analysis, it is assumed that filter capacitor 22 is suffi-
ciently large such that the output voltage V, remains
constant during any single switching cycle interval As
used herein, the term “switching cycle interval” 1s de-
fined as the time necessary to traverse a state trajectory.
In FIG. 3, state trajectory 23 represents the desired
resonant inverter operation and corresponds to a partic-
ular operating frequency and to specific values of the
above-listed state determinants (i.e., resonant capacitor
voltage, resonant inductor current, [ voltage applied to
the resonant tank circuit] source woliage, and output
load voltage). Specifically, as a two-dimensional state
representation, the state trajectory is a plot of Z,i
versus vc, where: Z,=V L/C is the characteristic im-
pedance of the series resonant circuit; iz represents
resonant inductor [ Current;} current and vcrepresents
resonant capacitor voltage. Trajectory 23 comprises
trajectory segments AB, BC, CD and DA correspond-
ing to the conduction intervals of switching devices
$1-S4 and diodes D1-D4. Each trajectory segment is a
circular arc with a center and a radius determined by
the state of the switching devices. For example, when
switching devices S1 and S4 are conducting, current
flows from node a through the series resonant circuit to
node b, and the effective voltage applied to the series
resonant circuit is V-V . As a result, trajectory seg-
ment AB having center (VV,, 0) represents the con-
duction interval of switching devices S1 and S4. The
remaining trajectory segment centers are similarly de-
termined as follows:trajectory segment BC having cen-
ter (— ViV, 0) represents the conduction interval for
diodes D2 and D3; trajectory segment CD having cen-
ter (— V4V, 0) represents the conduction interval for
switching devices 52 and S3; and trajectory segment
DA having center (V;+V,, 0) represents the conduc-
tion interval for diodes D1 and D4.
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As hereinabove discussed, the desired or optimal '

trajectory determines the control law of the system and,
hence, the construction thereof. Besides the trajectory
center, described hereinabove, another parameter char-
acterizing each trajectory segment is the trajectory
radius Ry measured either from center (V+V, O) or
center (—V;—V, O). In operation, a control circuit

computes radius R4 from continuous measurements of 43

the state determinants (i.e., resonant capacitor voltage,
resonant inductor current, [ voltage applied to the reso-
nant tank circuit] source voltage, and output load volt-
age). In this way, the control circuit mamtains system

operation corresponding to the desired state trajectory 0

by alternately switching the pairs of diagonally opposed
switching devices. Moreover, when any of the state
determinants changes, a control signal VconTroL gen-
erated by an outer control loop, to be described herein-
after, enables the system to respond by making a time
optimal transition t0 another steady state trajectory.

In the article entitled “Implementation of Optimal
Trajectory Control of Series Resonant Converters”, by
Ramesh Oruganti et al.,, 1987 Power Electronics Spe-
cialty Conference Proceedings, pp. 451-459, which is
hereby incorporated by reference, the control law for a
resonant inverter operating below resonance is derived
on pages 453-454 as:

RV =(V+FV,—FV 2 +(LZP,

where F is either 41 or — 1, depending upon the sign of
the inductor current iz,

35

(1) 65
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The control law of an inverter operating above reso-
nance, such as that of the present invention, may be
similarly derived and may be expressed as:

LRV =(ve—FVo—FV 2 4 (it Z,). 3

(RaViPP=(ve+ FVot+ FV P +(iLZP. )

A resonant inverter control system constructed in
accordance with the control law of equation (2) advan-
tageously enables time optimal control of the switching
devices when operating above resonance within the
operable frequency range thereof Disadvantageously,
however, optimal trajectory control according to [oru-
ganti] Oruganti et al. is limited to bi-level or frequency
modulation. That is, as shown in FIG. 4A, the voltage
applied to the resonant circuit is a rectangular wave
signal having two levels: + Vgand — V. Using optimal
trajectory control, frequency of the rectangular wave
signal may be varied to control output load voltage.
Hence, like conventional frequency control methods,
the control range of output voltage is limited as the
frequency increases to the maximum operating fre-
guency of the switching devices. The present invention,
therefore, modifies and improves the above-described
optimal trajectory control system to provide a new
resonant control which yields a significantly increased
range of controlled output Joad voltages under all load-
ing conditions. In accordance therewith, the present
invention combines optimal trajectory control with
phase modulation.

Since a series resonant circuit acts like a second order
filter to the rectangular wave voltage applied to the
resonant tank circuit, as will be appreciated by those of
ordinary skill in the art, a useful approximation is that
only the first harmonic of the rectangular wave signal 1s
applied to the resonant tank circuit. Further, if the rect-
angular wave signal of FIG. 4A is phase modulated,
then the phase modulated signal takes the general tri-
level form illustrated in FIG. 4B, where pulse wadth pw
varies proportionately as the phase modulation angle ¢.
The fundamental harmonic F1 of this phase modulated
signal is represented as:

[Fl=d4nV,cos,}

FI = L yoss, 3)

where ¢=7/2 X (1-2 X pw/period), as shown in FIG.
4B, and ¢ is defined in units of radians. -

FIG. § is a graph of the magnitude of fundamental
harmonic F1 versus phase modulation angle ¢. As
shown, for a 50% duty cycle (i.e., $=0), the fundamen-
tal harmonic F1 is at its maximum value [47V;].

7

As ¢ increases, the amplitude of the fundamental har-
monic decreases. Therefore, phase modulation can be
used according to the present invention to decrease the
amplitude of the fundamental harmonic of the voltage
applied to the series resonant inverter. As a result, and
as is evident from FIG. 2, a broader range of controlled
output load voltage may be obtained under all loading
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conditions by decreasing the effective voltage applied
to the series resonant circuit.

FIG. 6 is a block diagram illustrating a resonant in-
verter control system employing the series resonant
inverter control of the present invention. A commanded
output voltage V reris compared to output voltage V,
by 2 summer 24. The resulting error signal Vggg is
inputted to a proportional plus integral (PI) compensa-
tor 26 which generates control signal VconTroL. Con-
trol signal VconTroL is provided to series resonant
inverter control 28 which drives inverter 12. Control
signals proportional to the aforementioned state deter-
minants are also inputted to series resonant inverter
control 28. These signals are represented as: kiiz, kiv,,
kaV, and kiVs, where k) and k3 are constant scale
factors to be described hereinafter.

FIGS. 7a and 7b, connected at points 27 and 29, re-
spectively, illustrate the preferred embodiment of the
improved resonant inverter control 28 of the present
invention. The control law of this improved system is a
modification of the control law given by equation (2) to
employ phase modulation and is represented as:

(RaV =(ve+ F¥ o+ FVgcos &2 +(iLZo)? 4)
The state trajectory of the present invention (not
shown), therefore, is a modification of that of FIG. 3 to
account for the differences in a switching cycle interval
resulting from the application of phase modulation to be
described hereinafter.

Implementation of the control circuit according to
the present invention involves the use of sensing devices
to detect instantaneous values of state determinants v,
i7, Vsand V,. Since these sensing devices involve scal-
ing to produce signals proportional to the respective
state determinants, the following description, therefore,
includes the aforementioned exemplary scale factors
represented as constants kj and k3. For example, control
signal kiiz, which is proportional to resonant inductor
current, is derived from a suitable current sensor 19.
Typical current sensors are well known in the art and
many comprise, as examples: Hall effect current sen-
SOrs, current sensing resistors, or current sensing trans-
formers.

As shown in FIG. 7a, control signal k17 is applied to
a comparator 30. The output signal F of comparator 30
is either + 1 or — 1, depending upon the sign of inductor
current iz. The signal F is inputted to multipliers 32 and
34, the value of F being the multiplicative factor
thereof. The control signal kjiz is also apphied to a mul-
tiplier 36 which performs a squaring operation to pro-
duce the signal kia(Z.iz)?, where Z,=VL/C, a con-
stant, is the characteristic impedance of the series reso-
nant circuit, and kj is also a constant.

Control signal kiV, which is proportional to the
applied source voltage, is supplied by a source voltage
sensor 21 to a multiplier 31 which multiplies control
signal kiV; by cos ¢, where ¢ is the aforementioned
phase modulation angle value. Suitable voltage sensors
are well known in the art and may comprise, for exam-
ple, a voltage dividing network of resistors. Signal kaV,;
cos ¢ is applied to multiplier 32 and is thereby multi-
plied by signal F.

Control signal k3V, which is proportional to the
output load voltage, is produced by a voltage sensor 23
and applied to multiplier 34 to yield a signal FkiV, A
summer 40 adds the signal Fk3V, to still another sensed

10

13

20

25

30

35

45

35

635

control signal k3v., which is sensed by a voltage sensor
28 and is proportional to the voltage across the resonant
capacitor. The resulting signal [ki(vc~FVo)]}
kilve+FV,) i1s added to the aforementioned signal
FkiVgecos ¢ by summer 42 to yield the signal
[ki(vc—FVo—FVcos ).} ki(ve+FVo+FVcosd).
The latter signal is inputted to a multiplier 44 which
performs a squaring operation. The resulting squared
signal [ka(ve—FV,—FVcos $)2] kx(ve+ FVo+ FVcos
¢)» is added to the hereinabove derived signal
ka(Z,iz)? by a summer 46 and, as shown in FIG. 7b, is
then inputted to gain amphfier 48 having the transfer
function —ke4/k; where k4 is a constant. The output of
amplifier 48 is a signal [ —ke{(vc—FVo,—-FVos
6P +Zo))] =kl (ve+FVo+ FVcos )2 +(Zoir)?),
which is hereinafter referred to as the optimal control
signal.

Control signal VconTroL 1s provided to a frequency
modulation controller 50 and a phase modulation con-
troller 52. The transfer function of frequency modula-
tion controller 50 is shown in FIG. 7b and may be repre-
sented mathematically as:

VF

Ci X VconTroL, for VcoNnTROL < VT
Ci Xx Vr.for VeonTrRoL 2 V7

where V Fis the output voltage of frequency modulation
controller 50, Vris a threshold voltage representing
operation at an extremity of the operable frequency
range for the controllable switch means, and C; is a
constant. Voltage Vg is added in 2 summer 84 to the
output signal of gain amplifier 48, and the result 1s input-

" ted to the non-inverting input of a comparator 36. The

output signal from comparator 56 is supplied to a saw-
tooth generator 58.

The transfer function of phase modulation controller
52 is also shown 1in FIG. 7b and may be represented
mathematically as:

v 0, for VconTrROL < VT
¢ Ca(VecontroL — VD . for VeonTrROoL 2 VT

where V4 is the output voltage from phase modulation
controller 52, V4 being proportional to phase modula-
tion angle ¢, and C; is a constant, Voltage V4 is input-
ted to the inverting input of a comparator 60. The out-
put signal Vg of sawtooth generator 58 is supphed to
the noninverting input of comparator 60. Voltage Vg4 is
also supplied to multiplier 31 for which cos ¢ is the
multiplicative factor.

The output signals CP1 and CP2 from comparators
56 and 60, respectively, provide the clock pulses for
D-type (delay) flip-flops 62 and 64, respectively. As will
be appreciated by those of skill in the art, since the
signal at output D flip-flop 62 is supplied to the D1 input
of D flip-flop 62, D flip-flop 62 is a divide-by-two flip-
flop; that is, the output frequency is one-half that of the
clock frequency. The output signals from the D flip-
flops control the base drive circuitry 65a-65d for the
respective switching devices S1-S4. Suitable base drive
circuitry is well-known 1n the art.

In operation, since the output signal from comparator
86 which provides clock pulses to the divide-by-two D
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flip-flop 62 also drives sawtooth generator 58, the saw-
tooth generator produces a voltage ramp signal Vg
operating at twice the frequency of gate drive circuitry
65a-65d. In particular, the voltage ramp signal Vg re-
sets to zero each time the output signal at Q1 of D
flip-flop 62 transitions from logic level 0to 1 or 1 to 0.
The output ramp voltage of sawtooth generator 38 i1s
compared with voltage Vg by comparator 60 which
provides clock pulses for D flip-flop 64. For a positive
edge triggered D flip-flop 64, for example, when the
output signal of comparator 60 transitions from a low
logic level to a high logic level, the signal at output Q2
of D-flip-flop 64 latches to the same value as the signal
at output Q1 of D flip-flop 62.

For VconTroL <V 1, the output voltage Vg of fre-
quency modulation controller 80 is C; VconTROL, 8nd
the output voltage Vg of phase modulation controller
82 is zero, thus indicating that phase modulation angle
¢ =0. Therefore, since the value of phase modulation
angle ¢ is provided to multiplier 31, and cos ¢ =1 for
¢ =0, there is no phase modulation. On the other hand,
there is frequency modulation. That is, the output volt-
age C1VconrtroL of frequency modulation controller
50 is added to the output signal of summing amplifier 48
and applied to the non-inverting input of comparator
§6. The output signal CP1 of comparator 36 provides
clock pulses to D flip-flop 62 to toggle its state and, as
stated above, also drives sawtooth generator 38. The
output voltage [V.] Vg of the sawtooth generator 1s
compared with voltage V4=0by comparator 60 which
provides clock pulses CP2 to D flip-flop 64. As a result,
D flip-flop 64 is toggled almost simultaneously with D
flip-flop 62. In this way, for VconTroL <V T, frequency
modulation using optimal control is achieved when
operating within the operable frequency range of the
switching devices.

For VconTroLZ V1, the output voltage Vg of fre-
quency modulation controller 80 is C;V 1, a constant, so
that the switching frequency of switching devices S1,
S2, S3 and S4 is fixed at an extremity of the operable
frequency range thereof. Under these conditions, the
output voltage V4 of phase modulation controller 52 1s
C2VcontroL—V 7). This voltage V4 is compared with
the output signal Vg of sawtooth generator 38 by com-
parator 60. As a result, the clock pulses CP2 from com-

parator 60 to D flip-flop 64 are delayed by an amount of

time proportional to phase modulation angle ¢. Voltage
V¢ also enables multiplier 31 to multiple source voltage
Vsby cos ¢. In this way, phase modulation is employed
to produce the tri-level voltage waveform shown in
FIG. 4B for controlling the series resonant inverter. By
thus combining a method of optimal trajectory control
with phase modulation, a broader dynamic range of
output load voltage can be achieved under all operating
conditions.

FIGS. 8a-8i are waveforms that illustrate in detail the
operation of the new resonant inverter control for a
specific case of VconTroL> V 1. For simplicity, assume
the output signal CP1 of comparator 86 has a constant
pulse width and is represented by the signal of FIG. 8a.
For a positive edge-triggered D flip-flop 62, the output
signals at Q1 and Q1 respectively, are illustrated in
FIGS. 8b and 8¢, respectively. Voltage ramp signal Vg
from sawtooth generator 88, which is reset each time
the output signals from D flip-flop 62 change state, is
shown in FIG. 8d. Voltage V4, which determines the
phase modulation angle ¢, is illustrated as a voltage
between 0 and 10 V in FIG. 8e. For this example, volt-
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age V¢ =35 V. The output signal CP2 of comparator 60,
determined by comparing voltage V¢4 with the output
ramp voltage Vg of sawtooth generator 58, is repre-
sented in FIG. 8f and constitutes clock pulses for D
flip-flop 64. For a positive edge-triggered D flip-flop 64,
the output signals at Q2 and [Q2] 02 respectively, are
illustrated in FIGS. 8g and 8h, respectively. The flip-
flop output signals at Q1, [Q1] ¢/, Q2 and [Q2] Q2
respectively, control the base drive circuitry 65a-63 d,
respectively, and produce as a result the tn-level phase
modulated signal shown in FIG. 8i. From FIG. 81 and
the equation for phase modulation angle ¢ given herein-
above, it can be seen that phase modulation angle
¢ =m/4 radians for this example.

While the preferred embodiments of the present in-
vention have been shown and described herein, it will
be obvious that such embodiments are provided by way
of example only. Numerous variations, changes and
substitutions will occur to those of skill in the art with-
out departing from the invention herein. Accordingly,
it is intended that the invention be limited only by the
spirit and scope of the appended claims.

What is claimed 1s:

1. An improved dc-to-dc converter, comprising:

a resonant inverter having two pairs of controllable
switch means, the switch means of each pair being
connected in series and each pair of the senes-con-
nected switch means being adapted to be con-
nected in parallel across an external dc supply;

a series resonant circuit connected between the junc-
tions of said controllable switch means and com-
prising a capacitor and an inductor, said inverter
being adapted to apply a rectangular wave voltage
to said series resonant circuit;

a full wave rectifier inductively coupled to said series
resonant circuit, the output of said rectifier being
adapted to supply a substantially constant prese-
lected output voltage to a load;

state determinant sensing means for continuously
monitoring converter state determinants compris-
ing voltage across said capacitor, current through
said inductor, the [rectangular wave voltage ap-
plied to said series resonant circuit] dc supply vol!-
age, and the output voltage;

optimal control means responsive to said state deter-
minant sensing means for generating an optimal
control signal corresponding to the instantaneous
values of said state determinants;

first control means responsive to said optimal control
signal for controlling the output voltage by fre-
quency modulating the rectangular wave voltage
applied to said series resonant circuit 50 as to main-
tain stable operation of said series resonant circuit
when the operating frequency of said controllable
switch means is within the operable frequency
range thereof; and

second control means responsive to said optimal con-
trol signal for controlling the output voltage by
providing a phase modulation angle signal for
phase modulating the rectangular wave voliage
applied to said series resonant circuit and modify-
ing said optimal control signal in accordance there-
with so as to maintain stable operation of said series
resonant circuit when the operating frequency of
said controllable switch means is at an extremity of
the operable frequency range thereof.

2. The improved converter of claim 1, further com-

prising:
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frequency measuring means coupled to the output of
said inverter for determining when the operating
frequency of said controllable switch means is at an
extremity of the operable range thereof.

3. The improved converter of claim 1 wherein said
first control means comprises:

frequency modulation means for generating a fre-

quency modulation signal;

comparison means for comparing said frequency

modulation signal with said optimal control signal
and for generating a difference signal resulting
therefrom; and

frequency control means responsive to said difference

signal for generating a frequency control signal for
varying the operating frequency of said controlla-
ble switch means.

4. The improved converter of claim 3, further com-
prising:

sawtooth generator means responsive to said fre-

quency control signal for generating a ramp volt-
age;

second comparison means for comparing said ramp

voltage with said phase modulation angle signal;
and
flip-flop means responsive to said frequency control
signal and to the output signal of said second com-
parison means, said flip-flop means being coupled
to said controllable switch means for providing
control signals to vary the operating frequency of
said controllable switch means when operating
within the operable frequency range thereof and to
phase modulate the rectangular wave wvoltage
when operating at an extremity of the operable
frequency range.
5. [At] An improved control for a resonant inverter,
said inverter including a series resonant circuit which
comprises & capacitor and an inductor, said inverter
further including controllable switch means for produc-
ing a rectangular [are] wave voltage when coupled to an
external dc supply and applying said voltage to said
series resonant circuit, the output of said resonant in-
verter providing a substantially constant output voltage
to a load, said improved control comprising:
state determinant sensing means for continuously
monitoring converter state determinants compris-
ing voltage across said capacitor, current through
said inductor, the [rectangular wave voltage and
applying said voltage applied to said series resonant
circuit] dc supply voltage, and the output voltage;

optimal control means responsive to said state deter-
minant sensing means for generating an optimal
control signal corresponding to the instantaneous
values of said state determinants;

first control means responsive to said optimal control

signal for controlling the output voltage by fre-
quency modulating the rectangular wave voltage
applied to said series resonant circuit so as to main-
tain stable operation of said series resonant circuit
when the operating frequency of said controllable
switch means is within the operable frequency
range thereof; and second [controls] control
means responsive to said optimal control signal for
controlling the output voltage by providing a
phase modulation angle signal for phase modulat-
ing the rectangular wave voltage applied to said
series resonant circuit and modifying said optimal
control signal in accordance therewith so as to
maintain stable operation of said series resonant
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12

circuit when the operating frequency of said con-
trollable switch means is at an extremity of the
operable frequency range thereof.

6. The improved control of claim §, further compris-
ng.

frequency measuring means coupled to the output of

said inverter for determining when the operating
frequency of said controllable switch means is at an
extremity of the operable range thereof.

7. The improved control of claim 8 wherein said first
control means comprises:

frequency modulation means for generating a fre-

quency modulation signal;

companison means for comparing said frequency

modulation signal with said optimal control signal
and for generating a difference signal resulting
therefrom; and

frequency control means responsive to said [differ-

ences] difference signal for generating a frequency
control signal for varying the operating frequency
of said controllable switch means.

8. The improved control of claim 7, further compris-
ing:

sawtooth generator means responsive to said fre-

quency control signal for generating a ramp volt-
age;

second comparison means for comparing said ramp

voltage with said phase modulation angle signal;
and
flip-flop means responsive to said frequency control
signal and to the output signal of said second com-
parison means, said flip-flop means being coupled
to said controllable switch means for providing
control signals to vary the operating frequency of
said controllable switch means when operating
within the operable frequency range thereof and to
phase modulate the rectangular wave voltage
when opersating at an extremity of the operable
frequency range.
9. A method for controlling a resonant inverter, said
inverter having controllable switch means for produc-
ing a rectangular wave signal when coupled to an exter-
nal dc supply and applying said signal to a series reso-
nant circuit which comprises a capacitor and an induc-
tor, the output of said resonant inverter providing a
substantially constant output voltage to a load, said
control method comprising the steps of:
continuously monitoring state determinants compris-
ing voltage across said capacitor, current through
said inductor, [said rectangular wave signal] the
dc supply voltage, and said output voltage;

generating an optimal control signal corresponding to
a predetermined combination of the instantaneous
values of said state determinants:

frequency modulating said rectangular wave signal

applied to said series resonant circuit 50 as to main-
tain stable operation of said series resonant circuit
when the operating frequency of said controllable
switch means i1s within the operable frequency
range thereof; and

generating a phase modulation angle signal for phase

modulating said rectangular wave signal and modi-
fying saixd optimal control signal in accordance
therewith so as to maintain stable operation of said
series resonant circuit when the operating fre-
quency of said controllable switch means is at an

extremity of the operable frequency range thereof.
* &« &% » 5 2
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