
2148623 Pulse Width Modulated Inverter for Unbalanced and Variable Power
Factor Loads Background of the Invention 5              The  present
invention  relates  generally  to inverters for developing polyphase AC
power from DC pow- er, and more particularly to an inverter which includes
circuitry to minimize the return of regenerative currents back to the
source of DC power. 10              Static inverters for converting DC
power into polyphase AC power typically include n pairs of switches
connected across first and second voltage levels on a DC bus.  A free
wheeling diode is connected across each of the switches in the inverter to
provide a path for cur- 15    rents to flow as the switches are opened and
closed in response to pulse width modulation, or PWM control. When such
inverters are used to drive unbal- anced or variable power factor loads
having an inductive reactance,  reverse or regenerative currents often are
20    developed in the load and are coupled through the free wheeling
diodes over the the DC bus back to the source of DC power. Consequently,
such inverters require relative- ly large DC bus filters to accept the
regenerative cur- rent so that such inverters can be used with sources of
25    DC  power  which  cannot  accept  regenerative  currents.
Accordingly, a power supply utilizing such an inverter must be unduly-large
and heavy. - Summary of the Invention In accordance with the present
invention, a 30    static n-phase inverter for converting DC power. from a
DC    



-2- source into n-phase   AC power includes means for circu- lating reverse
or regenerative currents developed by a load connected to the output of the
inverter through the load so that such current is not returned to the
source 5    of DC power. The n-phase inverter for energizing a polyphase
load comprises n pairs of switches connected across first and second rails.
The rails receive first and second voltages from a DC source on first and
second DC bus 10    lines, respectively.  An (n + l)th pair of switches is
also connected across the first and second rails with the midpoint or
junction between the two switches being con- nected by a neutral line to a
neutral potential of the DC source.  The load has n-phase inputs connected
to junc- 15    tions between switches of each pair and has a neutral
connection coupled to the junction of the (n + l)th pair. First and second
bus switches connect the first and second rails to the first and second bus
lines. A first current sensor is disposed in the first rail while 20    a
second current sensor is disposed in the second rail. The current sensors
are connected to switch control ap- paratus for operating the first and
second bus switches and the (n + l)th pair of switches. Under normal
operating conditions of the inver- 25    ter, i.e. when no regenerative
currents are flowing, the current in each of the first and second rails is
in a first direction. When the current in either of these rails changes to
a direction opposite the first direc- tion, as sensed by a current sensor,
the switch control 30    associated with such current sensor opens the bus
switch between that rail and the associated bus lines to discon- nect the
DC source from that rail. Further, one of the 



switches of the (n + l)th pair is closed to connect that    -3- rail
carrying the reverse current to the neutral  line. The reverse current is
therefore shunted away from the source of DC potential and is recirculated
through the load. 5           Since the DC source is isolated from such
reverse or regenerative currents, the size of the DC bus filter can be
reduced.   Furthermore, the inverter can be used with sources of DC power
which cannot accept regenerative currents, such as lithium thionyl chloride
batteries. 10          The pulse width modulated inverter of the invention
may be used in conjunction with the circuitry shown in our copending Patent
Application No. 2148624A to provide a power supply system of reduced size
and weight. Brief Description of the Drawings 15          Fig.  1  is  a
block  diagram  of  a  system  for developing polyphase AC power from DC
power developed by a DC source; Fig. 2 is a schematic diagram of the static
three- phrase inverter shown in block diagram form in Fig. 1; 20    and
Fig. 3 is a schematic diagram of one of the control circuits shown in block
diagram form in Fig. 2. Description of the Preferred Embodiment Referring
now to Fig. 1, there is illustrated an 25   n-phase inverter system which
converts DC power. developed by a DC source 10 into polyphase AC power to
drive a load 12.  The inverter system shown in the drawings has been
illustrated  as  a three-phase  inverter  system  for 



driving a three-phase load; however, it should be under- 30   stood that
the present invention is in no way limited to a three-phase inverter but
may be used  in conjunction with an n-phase inverter, where n may be an
integer greater than or equal to one.    -4- The DC source may be a
generator and rectifier arrangement which includes control and protection
cir- cuitry for operating the generator. Alternatively, the DC source 10
may simply be a battery or other source of 5    DC potential.  In any
event, the source 10 includes two terminals at first and second voltages
and a neutral or common terminal which is at a voltage midway between the
first and second voltages. The  output  from  the  source  10  is  coupled
10    through a bus filter 14 over DC bus lines 16 to an inver- ter 18. The
inverter 18 develops three-phase AC power from the DC power on the lines
16, in a manner more spe- citically noted below. The inverter 18 is
connected through a filter 15   20 and a current transformer assembly 22 to
the load 12. A current sensing signal is developed by the current
transformer assembly 22 and is coupled to a pulse width modulation, or PWM
control 24 which controls switches in the inverter 18.  The PWM control 24
also receives sig- 20   nals representing the line-to-neutral voltages of
each of the phases delivered to the load 12 as well as a refer- ence signal
on a line 26. The PWM control 24 is conventional and provides time ratio
control for the switches in the inverter 18. 



25              Referring now to Fig. 2, there is illustrated the DC source
10 and the bus filter 14 in conjunction with the inverter 18. The inverter
stage 18 includes n pairs of switches connected across first and second
rails 17a,17b 30   which are coupled to first and second DC bus lines 16a
and 16b, respectively. In the illustrated example, n is equal to three,
although n may be equal to another num- ber, as previously noted.    The
three pairs of switches are in the form of bipolar switching transistors,
designated Q1-Q6.   Very fast switching (100-200 nS) MOSFET transistors can
be substituted for the bipolar transistors, if desired, to 5    enhance
operational  capability.   Each  transistor  has connected across the
collector-emitter circuit thereof a free wheeling diode D1-D6,
respectively.   Three phase voltages, designated [err] and [err] are
developed at the junctions between the transistors of each pair and are 10
connected to the load 12.  For purposes of illustration, the impedances of
the filter 20, the current transformers 22 and the load 12 are shown as
lumped phase impedances [err] and [err] A neutral connection of the load 12
is connected to the neutral voltage of the DC source 10 over 15    a
neutral bus line 30. An (n + 1)th pair of switches (i.e. a fourth pair of
switches in the illustrated example) is connected across the rails 17a ,17b
with the junction therebetween being connected to the neutral line 30. The
switches of 20    this pair are in the form of bipolar transistors Q7 and
Q8. 



First and second current sensors 32 ,34 are connected in the path of the
first and second rails 17a, 17b,  respectively.   The current sensors
32,34,  in the 25   preferred embodiment comprise resistors; however, other
types of current sensors, such as Hall effect current sensors, may be used.
A pair of diodes D7,D8 are connected between the neutral bus line 30 and
the first and second rails 30   17a,17b, respectively, such that the
current sensor 32 is connected between the collector of the transistor Q7
and the diode D7 and so that the current sensor 34 is con- nected between
the emitter of the transistor Q8 and the diode D8.    First and second DC
bus switches connect the first and second bus lines 16a, 6b to the first
and sec- ond rails 17a,117b, respectively.  These switches comprise
transistors Q9 and Q10 each having a diode- D9 or D10 5    connected across
the collector emitter circuits thereof. The transistors Q9,Q10 are operated
to disconnect one or both of the rails 17a, 17b from the DC source 10 when
a reverse or regenerative current is sensed therein by either of the
current sensors 32,34.  Also, one or both 10    of the transistors Q7 and
Q8 is turned on to shunt the reverse current to the neutral line 30 in
order to return the current back to the load. Control of the transistors
Q7-QlO is effected by control circuits 38,40, one of which is shown in
greater detail in Fig. 3. 15              Referring now to Fig. 3, except
as noted other- wise below, the control circuits 38,40 are substantially
identical and hence only the contro  circuit 38 is de- 



scribed in detail. The voltage across the current sensor 32 is 20   applied
to inverting and noninverting inputs of a compar- ator comprising an
operational amplifier Ul through vol- tage dividers consisting of resistors
R3 and R4 and re- sistors R5 and R6.  The operational amplifier Ul develops
a comparison signal which is connected to an AND gate 42 25   which
receives inverted versions of three pulse width modulated switching signals
for the transistors Q1, Q3 and 05, such signals being developed by the PWM
control 24 shown in Fig. 1. The AND gate 42 develops a control signal which
30   is connected to a first optically coupled base drive circuit 44 to
operate the transistor Q7.  The control signal is also connected through an
inverter 46 to a second base drive circuit 48 to operate the transistor Q9.
-7- As illustrated in Fig. 3, when the voltage at the noninverting input of
U1 is less than the voltage at the inverting input thereof (in response to
a first di- rection of current in the rail 17a indicating normal 5
operation of the inverter) the output of the operational amplifier Ul is in
a low state, thereby causing the con- trol signal generated by the AND gate
42 to also be in a low state. This low state control signal turns off the
transistor Q7 and turns on the transistor Q9 so that the 10    DC source 10
remains connected to the inverter 18 through the rail 17a and allows normal
inverter operation. On the other hand, assume that a regenerative 



or reverse current IAR is developed in phase A of the load.  This condition
could arise when the load is an 15    unbalanced one with infinite
impedance in phases B and C and a highly inductive reactance in phase A.
Such a current may exit phase A and be conducted through the -diode D1 and
the current sensor 32.  When the current through the current sensor 32
reverses direction, i.e. 20    the voltage at the noninverting input of the
operational amplifier U1 exceeds the voltage at the. inverting input
thereof, the output of the operational amplifier Ul as- sumes a high state.
This high state comparison signal is combined with the PWM waves in the AND
gate 42 to produce 25    a high state control signal when the noninverted
version of all three switching signals are in a low state.  It should be
noted that during those times that the PWM wave is in a low state,
transistors Ql, Q3 and Q5 in the in- verter are off, such operation being a
result of the 30   pulse width modulation control of the inverter. The high
state control signal developed by the AND gate 42 is connected through the
base drive circuit 44, the inverter 46 and the second base drive circuit 48
-8- to turn on the transistor Q7 and turn off the transistor Q9. As seen in
Fig. 2, when the transistor Q9 is turned off and 07 turned on, the diode D9
is reverse biased and hence the source of DC power is disconnected from the
5    first rail 17a to prevent the reverse or regenerative current IAR
from being returned to the source 10.  Addi- tionally, when the transistor
07 is turned on, the regen- erative current IAR is shunted from the first
rail 17a 



through the transistor Q7 to the neutral line 30 for 10    return to the
load.  The route the regenerative current IAR takes through the circuit is
marked by the arrows. The control circuit 40, as previously noted, is
identical to the control circuit 38 with the following exceptions:  the
current sensor 34 is connected in the 15    second rail 17b and is
substituted for the current sensor 32; the transistor Q8 is substituted for
the transistor Q7 and the transistor 010 is substituted for the transis-
tor Q9; the illustrated polarity of the voltage across the current sensor
is opposite to that shown in Fig. 3; 20   and, the AND gate inputs are
coupled to inverted versions of the switching signals for the transistors
Q2, Q4 and Q6 insted of the inverted switching signals for the tran-
sistors 01, 03 and Q5.  In all other respects, the cir- cuits are identical
and operate to connect a low impe- 25   dance path from one or both of the
rails 17a,17b to the neutral connection 30 so as to prevent regenerative
cur- rents from being returned to the DC source. It should be noted that
the normal PWM control of the inverter is unaffected by the present
invention. 30   Also, the present invention is operative to connect a low
impedance path between one of the rails 17 and the neu- tral line and to
disconnect the DC source from the rail only when all of the switches
associated with that rail    -9- in the inverter are off.  This operation
is previously described with respect to the function of the AND gate 42 in
connection with Fig. 3. Furthermore, the present invention may be uti- 



5    lized with single-ended DC power supplies which have two terminals
coupled to the inverter rails, in which case the two transistors Q7 and Q8
would be replaced by a sin- gle transistor connected between the rails and
operated as noted above. The transistors Q9 and Q10 would like- 10   wise
be replaced by a single transistor. By minimizing the return of
regenerative cur- rents to the DC source, the size of the bus filter 14 may
be reduced.  Furthermore, the instant invention may be used to allow
operation of an inverter by a source which 15    cannot accept regenerative
currents, thereby allowing the inverter to be used with a wider range of DC
sources.    - 10 - CLAIMS: 1.    An n-phase inverter for generating AC
power from a DC source which has two terminals coupled to the inverter
through bus lines, the inverter having rails coupled to 5 the bus lines and
outputs connected to a load; which inverter comprises: a first switch
connected between one of the bus lines and one of the rails; a second
switch coupled between the one rail and the 10  other bus line; means
coupled  to  the  one  rail  for  sensing  the direction of current
therein, such current being in a particular direction when power developed
by the load attempts to return to the DC source; and 15      means coupled
to the sensing means and to the first and second switches for operating the
switches whereby the first switch is opened and the second switch is 



closed to. shunt current through the second switch from the one rail when
the current in the one rail flows in 20 the particular direction, thereby
to prevent such current from being returned to the DC source. 2.     An
inverter according  to claim  1,  wherein  the sensing means comprises a
resistor connected between the 25 one rail and the one bus line. 3.   An
inverter according to claim 1 or claim 2, wherein the operating means
includes a comparator having first and second inputs connected across the
sensing means and 30 an output which assumes a certain state when the
current through  the  sensing  means  flows  in  the  particular direction.
4.    An  inverter  according  to  claim  3,  wherein  the 35 operating
means further includes first and second voltage    dividers each comprising
two series connected resistors, the first voltage divider being connected
to one side of the sensing means and the second voltage divider being
connected to the other side of the sensing means, and the 5   junctions
between the resistors of the first and second voltage dividers being
connected to the first and second comparator inputs, respectively. 5.   An
inverter according to claim 3 or claim 4, wherein 10 the inverter is
selectively operated in a pulse width modulated, or PWM, wave switching
between high and low states, the operating means further including means
coupled to the PWM wave and to the comparator output for generating a
control signal when the PWM wave is in a low 15  state  and  the
comparator  output  assumes  the  certain state. 



6.     An  inverter  according  to claim  5,  wherein  the operating means
further includes means coupled to the 20  generating means and to the
second swich for closing the second switch when the control signal is
generated, an inverter connected to the generating means for inverting the
control signal and means coupled to the inverter and the first switch for
opening the first switch when the 25 control signal is generated. 7.
An  inverter  according  to  any  preceding  claim, wherein the first and
second switches are transistors.    -12- S.  In a three-phase inverter for
generating 2   three-phase AC power from a DC source having first and
second terminals, the first terminal being coupled to the 4   inverter
through a DC bus line, the second terminal being connected to the inverter
and to a load, the inverter 6    including a rail, a first switch connected
between the rail and the DC bus line, a second switch connected be- 8
tween the rail and the second terminal, a current sensor for sensing
current in the rail and means connected to 10   the current sensor for
controlling the first and second switches, a method of preventing
regenerative current 12   developed by the load from being returned to the
DC source, the method comprising: 14              utilizing  the  current
sensor  to detect  the presence of regenerative current in the rail; and 16
operating the controlling means to open the first switch and close the
second.switch when a regenera- 18    tive current in the rail is detected
to shunt such cur- rent through the load to thereby prevent such current 



20    from being returned to the DC source. 9. The method of claim 8,
wherein the control- 2    ling means includes means for sensing the
direction of current in the rail and wherein the utilizing step in- 4
cludes the step of detecting when the current in the rail is in a certain
direction indicative of the presence of 6   regenerative current.    -13-
10.  The method of claim 8, wherein the current 2     sensor develops a
voltage on either side thereof and wherein the utilizing step includes the
steps of: 4               comparing the voltage on one side of the cur-
rent sensor with the voltage on the other side of the 6     sensor; and
generating a comparison signal in accordance 8    with the comparison which
assumes a certain state when the voltage on the one side exceeds the
voltage on the 10     other side. 11. The method of claim 10, wherein the
inver- 2     ter is controlled by a pulse width modulated, or PWM, wave
switching between first and second states and where- 4     in the operating
step includes the steps of inverting the PWM wave and combining in an AND
gate the inverted PWM 6    wave and the comparison signal to derive a
control signal for the first and second switches. 12. The method of claim
11, wherein the oper- 2     ating step further includes the steps of
coupling the control signal to the second switch, inverting the con- 4
trol signal and coupling the inverted control signal to the first switch. 



13. In a three-phase static inverter for gene- 2    rating three-phase AC
power from DC power developed by a DC source having two terminals and a
neutral terminal 4   coupled to the inverter over two DC bus lines and a
neu- tral line, respectively, the inverter and the neutral 6    line being
connected to a load, the inverter including first and second rails coupled
to the first and second DC 8   bus lines, respectively, and operated by a
pulse width modulated, or PWM, wave switching between first and sec- 10
ond states, apparatus for preventing regenerative cur- rents developed in
the load from being returned to the DC 12    source, comprising: a first
switch between the first bus line and 14    the first rail; a second switch
connected between the first 16    rail and the neutral line; a third switch
between the second bus line and 18    the second rail; a fourth switch
connected between the second 20   rail and the neutral line; first means
coupled to the first rail for sens- 22    ing the presence of regenerative
currents therein; second means coupled to the second rail for 24    sensing
the presence of regenerative currents therein; first switch operating means
coupled to the 26    first sensing means and to the first and second
switches for operating the switches whereby the first switch is 28   opened
and the second switch is closed when a regenera- tive current is sensed in
the first-rail-and-the-PWM wave 30   is in the first state to shunt current
away from the DC 



source and through the second switch, the neutral line 32   and the load;
and    - 15 - second switch operating means coupled to the second sensing
means and to the third and fourth switches for opeating the switches
whereby the third switch is opened and the fourth switch is closed when a
regenerative 5   current is sensed in the second rail and the PWM wave is
in the first state  to shunt current away from the DC source and through
the fourth switch, the neutral line and the load. 10  14.   An n-phase
inverter for generating AC power from a DC source, having means for
preventing regenerative currents developed by the load from being returned
to the DC source, substantially as described herein with reference to the
drawings.    


