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(57) Abstract: A DC monitoring system measures and analyzes VFD (Variable Frequency Drive) operational characteristics. The
VFD receives three-phase input power from a standardized source and to provide variable frequency three-phase output power to a
three-phase motor. In some applications, the VFD and motor operate at a medium voltage. The VFD can include multiple inverter
modules consisting of a DC section and switching section, also referred to as a multiple bus configuration. The DC monitoring system
includes a measurement module coupled to each DC bus of the VFD, a data communication network, and a PQube monitoring device
for transmitting data signals corresponding to voltage values of the VFD DC bus obtained in a medium voltage compartment to a
low voltage compartment for processing and analysis. Processing of the data signals enables comparative and predictive analysis to
determine early warning for possible capacitance failure in the VFD.
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DC MONITORING SYSTEM FOR VARIABLE FREQUENCY DRIVES

RELATED APPLICATIONS

This Patent Application claims priority under 35 U.S.C. 119(e) of the co-pending U.S.

provisional patent applications, Application Serial No. 62/802,134, filed on February 6, 2019, and
entitled “DC Monitoring System for Variable Frequency Drives”, which is hereby incorporated in

its entirety by reference.

FIELD OF THE INVENTION:

The present invention is generally directed to the field of variable frequency drives. More

specifically, the present invention is directed to a DC (direct current) monitoring system for

variable frequency drives.

BACKGROUND OF THE INVENTION:

Three-phase motors are commonly used in industrial applications. A preferred method for

controlling the speed of a three-phase motor is to vary the voltage and frequency of a three-phase
AC voltage input to the three-phase motor. A variable frequency drive (VFD) is a device that
provides variable voltage and frequency to rotate a three-phase motor at any speed based on a
control signal. The VFD can be controlled to adjust the voltage and frequency of a supplied
three-phase AC voltage according to speed requirements of the three-phase motor. Common
applications for VFDs are in pumps, blowers, conveyors, and induction generators in industries
such as manufacturing, water treatment, desalination plants, paper mills, engine propulsion and
HVAC. _

A typical VFD» operates by first changing an input three-phase AC voltage into C
voltage, and then changing the DC voltage back to another three-phase AC voltage at a desired
voltage and frequency. It is undersicod that there are also single-phase VFDs that receive single-
phase AC voltage as input and output another single-phase AC voltage at a desived voltage and

frequency. The following can also be applied to single-phase VFDs Figure 1 illustrates a
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functional block diagram of a conventional VED. The VFD includes & diode converter 2
{comnionly a bridge rectifier}, a DC bus 4, and inverter 6, and control logic 8. The diode
converter 2 converis an input three-phase AC voltage to a rectified three-phase DC voltage. A
first phase of the three-phase AC voltage is represented as L1, 8 second phase as L2, and a third
phase as 1.3. The DC bus 4 filters the rectified three-phase DC voltage by using large smoothing
capacitors, and outputs a filtered three-phase DC voltage that is input to the inverter 6. The
inverter 6 converts the DC voltage back into another three~-phase AC voltage at a specific
frequency as required by a threa-phase motor 10. The control fogic & controls operation of the
inverter 6 to st the specific frequency of the three-phase AC voltage output to the three-phase
motor 10. The specific frequency of the three-phase AC voltage received by the three-phase
motor 10 deterrnines a speed (rotations per minute) of the three-phase motor 10, H the three-
phase motor 10 is to operate at a different speed, then the inverter 6 is controlled by the control
fogic & to output a three-phase AC voltage at a different frequency sufficient for operating the
three-phase motor 10 at the different speed. In this manner, 2 VFD maintains a voltage / Hertz
ratio, for example 480V / 60Hz = 8. If the motor is to rotate at half speed both the voltage and
frequency must be halved, for example 240V / 30Hz = 8. Failure to majutain the ratio results in
the motor overheating,

Figure 2 tllustrates an exemplary schematic diagram of an implementation of a fow
voltage version of the VFD of Figure 1. The converter 2 includes a bridge rectifier circuit, such
as a diode bridge shown in Figure 2. The DC bus 4 includes a link inductor (L) and smoothing
capacitor {C) filter, represented by simplified LC filter shown in Figure 2 (the link inductor L is
optional). The inverter 6 includes switching devices, such as IGBTs (insulated gate bipolar
transistors) shown in Figure 2, that are cach controlled by driving signals provided by the control
logic 8. The control logic 8 generates control signal pulses used to control the output of the
switching devices in the inverter 6 in the proper sequence for generating the three-phase AC
voltage supplied to the three~-phase motor 10

Unexpected failure of a VFD causes downtime of the connected motor and loss of revenue

while a replacement VFD is found and installed. Finding an identical VFD may not be possible,
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leading to longer downtime while related electrical and control systems are modified for the non-
identical VFD replacement. VFDs may fail due to DC bus failure (capacitor failure), input
rectifier fatlure, output IGBT failure, or overload. It is desirable to preemptively detect if a VFD
is going to fail. VFD manufactures typivally suggest replacing capacitors every 3-7 years
regardless of their performance, which is expensive and requires significant downtiwe of the

VED. This 1s an expensive overhaul that may not be necessary.

SUMMARY OF THE INVENTION:

Embodiments are directed to a DC monitoring system connected to g VFD. The DC

monitoring system is configured to measure and analyze VFD operational characteristics. The
VED is configured to receive three-phase input power from a standardized source and to provide
variable voltage and frequency three-phase output power to a three-phase motor. In some
embodiments, the VFD and motor operate at 3 medium voltage (voltages between 2001 VAC and
35,000VAC). In some embodiments, the VFD includes multiple DC buses, also referred to as a
multiple DC bus configuration. The DC monitoring system includes a measurement module
coupled to each DT bus of the VFD, a data communication network including a dsta concentrator,
and a PQube monitoring device that acquires, computes and stores data for transmitting signals of
the corresponding voltage values of the VFD DC bus obtained in a medium voltage compartiment.
The DC modules exist in medivm voltage compartment and the data concentrator and PQube
mownitoring device are located in a low voliage compartment for processing and analysis. In some
embodirments, the data communication network between the DC buses and the data concentrator
is an optical network, such as a non-conductive fiber. The data communication network provides
ground isolation and no divect electrical conduction path from the medium voltage compartment
into the low voltage compartment. Processing of the data signals enables comparative and
predictive analysis to determine early warning for possible capacitance failure ju the VFDL

In an aspect, a system to determine failure in a variable frequency drive is disclosed. The

system comprises the variable frequency drive comprising a DC bus, and a measurement device
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coupled to the DC bus. The measurement device is configured to measure a voltage waveform of
the DC bus and to process the measured voltage waveform to determing a voltage rippie ratio.
The voltage ripple ratio comprises a second filteved value divided by a first filtered value, the first
filtered value is a DC voltage value of the measured voltage value and the second filtered value is
a voltage ripple value of the measured voltage value. The measurement device is further
configured to compare the voltage ripple ratio to a threshold value, and to generate a warning
signal if the voltage ripple ratio is equal to or greater than the threshold value. In some
ernbodunents, the DC voltage value ts an average value of the measured voltage waveform over a
defined period of time. fry some embodiments, the DC voltage value is a root mean square value
of the measured voltage waveform aver a defined period of time. In some embodiments, the DC
voltage value is a peak value of the measured voltage waveform over a defined period of time. In
some embodiments, the measured voltage waveform includes a voltage ripple waveform
component, and the voltage ripple value is a root mean square of the voltage ripple waveform
component over a defined period of time. In some embodiments, the measured voltage waveform
includes a voltage ripple waveform component, and the voltage ripple value is an average of the
voltage ripple waveform component over a defined period of time.  In some embodiments, the
measured voltage waveform includes a voltage ripple waveform component, and the voltage
ripple value is a peak value of the voltage ripple waveform component over a defined periad of
time. In some embodiments, the measured voltage waveform comprises an AC voltage
component and a DC voltage component, and the voltage ripple value is representative of the AC
voltage component and the DC voltage valoe s representative of the DC voltage component. In
some embodiments, the variable frequency drive is a medium voltage variable frequency drive
configured fo receive an input medium voltage. In some ernbodiments, the medium voltage
comptises a voltage value in the range of 2001 VAC to 35,000 VAC. Insome embodiments, the
variable frequency drive is a low voltage variable frequency drive configured to recelve as input 3
low voltage. In some embodiments, the medium voltage comprises g voltage value in the range
of 0 to 2000 VAC. In some embodiments, the DC bus comprises a filtering capacitor, and the

warning signal indicates upcoming capacitance failure of the filtering eapacitor.
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In another aspect, another system to determine failure in a variabie frequency drive is
disclosed. The system comprises a variable frequency drive comprising a plurality of DC buses, a
plurality of measurement devices, and a PQube measurement device. One measurement device is
coupled to one of the plurality of DC buses, wherein each measurement device is configured to
measure a voltage waveform of the corresponding DC bus. The PQube measurement device is
coupled to the plurality of measurement devices to receive data signals representative of the
measured voltage waveforms. The PQube measurement device is configured to process the
measured voltage waveform to determine a voltage ripple ratio for each DC bus, The voltage
ripple ratio comprises a second filtered value divided by a fivst filtered value, the first filtered
value is 8 DC voltage value of the measured voltage waveform and the second filtered value is a
voltage ripple vahie of the measured voltage waveform. The PQube measurement device 1s
further configured to compare the voltage ripple ratio for each DC bus to a threshold value, and to
generate a warning signal if the voltage ripple ratic is equal to or greater than the threshold value.
in some embodiments, the DC voltage value is an average value of the measured voltage
waveform over a defined period of time. In some embodiments, the DC voltage value is a root
mean square value of the measured voltage waveform over a defined period of time. In some
embodiments, the DC voltage value is a peak value of the measured voltage waveform overa
defined period of time. In some embodiments, the rmeasured voltage waveform includes a voltage
ripple waveform component, and the voltage vipple value is a root mean square of the voltage
ripple waveform component over 3 defined period of time. In some embodiments, the measured
voltage waveform includes a voltage ripple waveform component, and the voltage ripple value is
an average of the voltage ripple waveform component over a defined period of time. In some
embodiments, the measured voliage waveform includes a voltage ripple waveform component,
and the voltage ripple value is a peak value of the voltage ripple waveform component over a
defined period of time. In some embodiments, the measured voltage waveform comprises an AC
voltage component and a DC voltage component, and the voltage ripple value is representative of
the AC voltage component and the DC voltage value is represemtative of the DC voltage

component. In some embodiments, the variable frequency drive is a mediom voltage variable
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frequency drive configured to receive as input a mediom voltage. In some embodiments, the
mediurm voltage coraprises a voltage value in the range of 2001 VAC to 35,000 VAC. in some
embodiments, cach DC bus has a low voltage. In some embaodiments, the low voltage comprises
a voltage value fu the range of 0 to 2000 VAC. In some embodiments, the DC bus comprises a
filtering capacitor, and the warning signal indicates upcoming capacitance failure of the filtering
capacitor. In some embodiments, the PQube measurement device is further configured to
compare the voltage ripple value component of each DC bus to the voltage ripple value
component of one or more other DU buses, and if the voltage ripple value components are not

equal then the warning signal is generated.

BRIEF DESCRIFTION OF THE DRAWINGS:

Several example embodiments are described with reference to the drawings, wherein like

components are provided with like reference numerals. The example embodiments are intended

to iHustrate, but not to limit, the invention. The drawings include the fellowing figures:

Figure 1 illusteates a functional block diagram of a conventional VFD.

Figure 2 illustrates an exemplary schematic diagram of an implementation of a low
voltage version of the VED of Figure 1.

Figure 3 illustrates a schematic block diagram of a VFD operating at low voltage
according to some embodiments.

Figure 4 illustrates a schematic block diagram of a medium voltage VFD having muitiple
DC buses according to some embodiments.

Figure 5 itlustrates a functional block diagram of the DC monitoring system configured
for transmitting data from a medium voltage compartment to a low voltage compartment
according to some embodiments.

Figure 6 illustrates exemplary low voltage three-phase AC voltage wavetorms across each
secondary winding in the medium voltage VFD or input waveforms to a low voltage VFD

according to some embodiments.
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Figure 7 tllustrates a rectified low voltage three~-phase DC voltage waveform
corresponding to the low voltage three-phase AC voltage waveforms of Figure 6.

Figure 8 illustrates a voltage ripple waveform corresponding to the rectified low voltage
three-phase DC voltage waveform of Figure 7 without a smoothing {filter) capacitor in the DC
bus.

Figure 9 tllustrates an exemplary voltage ripple waveform where the DC bus has a new
capacitor.

Figure 10 jHustrates an exemplary voltage waveform where the DC bus capacitor is aged.

Figure 11 illustrates an exemplary voltage ripple waveform where the DC bus capagitor is
old, or near end of life,

Figure 12 illustrates an overlay of the exemplary voltage ripple waveforms shown in
Figures 8-11.

Figure 13 illustrates an exemplary data processing fow implemented by the DC
monttoring system.

Figure 14 iflustrates the exemplary data processing tlow of Figure 13 where the first
digital filtering process includes determining the average value of the rectified low voltage three-
phase DC voltage waveform over a defined period of time and the second digital filtering process
includes determining the RMS value of the voltage ripple waveform.

Figure 15 tllustrates an example output of the first digital filtering process of Figure 14.

Figure 16 illusitrates an example output of the second digital filtering process of Figure 14,

Figure 17 llustrates the resulting waveforms from the example test above where the
capacitance is 16400ufF.

Figare 18 illustrates the resulting waveforms from the example test above where the
capacitance is 2300uF.

Figure 19 tllustrates a graph of test results comparing capacitance versus voltage ripple

ratio,
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DETAILED DESCRIPTION OF THE EMBODIMENTS:

Embodiments of the present application are directed to a DC monitoring system. Thoese of

ordinary skill in the art will realize that the following detailed description of the DU monitoring
system is illustrative only and is not ntended to be in any way limiting. Other embodiments of
the DC monitoring system will readily suggest themselves to such skilled persons having the
benefit of this disclosure.

Reference will now be made in detail to implementations of the DC monitoring syster as
iflustrated in the accompanying drawings. The same reference Indicators will be used throughout
the drawings and the following detailed description to refer to the same or like parts. In the
interest of clarity, not all of the routine features of the implementations described hevein are
shown and described. It will, of course, be appreciated that in the development of any such actual
implementation, nuraerous implementation-specific decisions must be made in order to achieve
the developer's specific goals, such as compliance with application and business related
constraints, and that these specific goals will vary from one implementation to another and from
one developer to another. Moreover, it will be appreciated that such a development effort might
be complex and time-consuming but would nevertheless be a routine undertaking of engineering
for those of ordinary skill in the art having the benefit of this disclosure.

Embodiments are directed to a DC monitoring system connected to a VFED. The DC
monitoring system is configured to measure and analyze VED operational characteristics. In
some embodiments, the VFD is configured to receive three-phase input power from a
standardized source and to provide variable frequency three-phase output power to a three-phase
motor. It is understood that the concepts, structures, and functions described herein related to the
DC monitoring system can be applied to a single~phase VFD. In some embodiments, the VED
and motor operate at a medium voltage. As used herein, low voltage refers to voltages less than
ar equal to 2000VAC, and medium voltage has a voltage level in the range of 2001 VAC to
35,000VAC, as defined by the NFPA. Operating at medium voltage requires significant safety
precautions, particularly when considering the connection and use of the DC monitoring system

in the medium voltage environment.
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Figure 3 illustrates a schematic block diagram of a VFD operating at low voltage
according to some embodiments. The VFD shown in Figure 3 is similar in function to the VFD
shown and described in Figure 2, and includes a converter (rectifier), a DC bus, an inverter, and a
control module that includes control logie. Figure 3 shows additional features of a common VED
including an AC choke {optional) and gate drivers. Current sensors and the voltage sensors can
also be included to sense the current and voltage levels at the three outputs of the inverter. A
measurermnent block can be included that receives and processes the sensed current and voltage
signals, which are then transmitted to the control module. In some embodiments the control
module controls operation of the rectifier and the inverter according to programimed logic, input
control instructions, and sensed data recetved from the measurement module. The control module
can include circutiry, such as processing cireuitry and memory, necessary for all internal fogic and
decision making requirements for controlling the switching devices in the inverter circuit so as to
output the three-phase AC voltage having the specific voltage and frequency for operating the
three-phase motor at an intended speed or torgue. Gate drivers used to provide drive signals to
the transistors in the inverter are controlled by the control module. Although the gate drivers are
show as separate circuitry from the control module, the gate drivers can be included as part of the
control module. External connections to the DU bus can be provided via a link inductor (DC
Choke) and brake chopper at terminals connection points on the low voltage VFD. In medium
voltage VFD's the connections are not available externally but divectly inside the medium voltage
compartment {(bus bars). The DC mouitoring system includes a measurement module, which is
connected to the DC bus via the terminal connection points. The measurement module includes
circutiry for measuring the voltage across the DC bus. This comnection to the DC bus also
provides power to the measurement module, and as such, in some embodiments, the measurement
module may not include an internal power supply. In this exemplary low voltage application, a
fow voltage three-phase AC voltage is supplied at L1, L2, L3. The rectifier converts the low
voltage three-phase AC voltage to a low voltage DC voltage, which is measured across the DC
bus by the measurement module. The inverter converts the low voltage DC voltage to the specific

fow voltage AC voltage and frequency to be supplied to the motor, which is outpant from the VFD
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at 1], V, W as low voltage three-phase AC voltage.

In medium voltage applications, the high voliage levels dictate the parsing of the DC bus
into multiple DC buses. Figure 4 iHustrates a schematic block diagram of a medium voltage VFD
having multiple DC buses according to some embodiments. In the exemplary configuration
shown in Figure 4 there are six DC huses, for example DC bus 1, DC bus 2, ete. This
configuration has three power arms, referred (o as modules. Each module includes 2 DC buses,
one negative voltage DC bus ap to -2000VDC, one positive voltage DC bus up to 2000VDC, and
a common zero voltage bus. It is understood that the VFD can be configured to have maore or less
than 6 DC buses, for example up to 15 DC buses or more.

A medium voltage three-phase AC voltage is input to the VFD at Hi, H2, H3. The input
medium voltage three-phase AC voltage is received at the primary windings of the transformer
TX. The transformer TX has three primary windings, one for gach of the three-phases, and
multiple secondary windings. The wansformer TX is configured to step down and isolate the
primary side medium voltage to a secondary side low voltage. Each secondary winding is
coupled to a corresponding rectifier that converts the low voltage three-phase AC voltage output
from the secondary winding to a rectified low voliage three-phase DC voltage. The rectifiers are
configured as series connected pairs, each pair connected to a corresponding DC bus. Two pairs
are connected in series to form a module. Each DC bus includes g capacitor, A measurement
module (not shown), such as the measurement module in Figore 3, is connected to each DC bus.
The capacitor in each DC bus is connected in parallel to a corresponding inverter. The rectified
low voltage three-phase DIC voltage output from the rectifter is applied to the DC bus of the
inverter. The rectified fow voltage three-phase DC voltage is converted by the fnverter to a low
voltage three-phase AC voltage. The low voltage three-phase AC voltages output from each
inverter are combined, or stacked, to provide a medium voltage threc-phase AC voltage that is
output to the motor. In this manner, the medium voltage VED receives a medium voltage input
and provides a medivm voltage output, although each DC bus in the multiple bus configuration
carries a low voltage. In some embodiments, this makes it possible to use less-expensive mass-

produced low-voltage IGBT's in the VFD.  In an exemplary configuration, each measurement
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module is configured to measure low voltages across each DU bus in the range of approximately
S500VDIC 1o 2000VDC, with an aceuracy of 250mV and a measurement resolution of 28mV,
Expected operating temperature is to be in the range of -20 degree C to +60 degree C.

By way of an example, Table 1 shows exemplary voltage readings determined from voltage
measurements taken across each of the six DC buses of Figure 4. The voltage measurements are
processed to determine an average voltage during a defined time period, a voltage ripple peak
during the time period, and a voltage ripple ratio. In this example, the voltage ripple ratio is the
ratio of the voltage ripple peak divided by the average voltage. Each of these values, and the

method for determining each value, is described in greater detail below.

Average VYoltage Ripple Peak | Ripple Ratio
DC bus | 1685.96 V 1145V 0.68%
DC bus 2 1692.60 V 911V 0.54%
DC bus 3 1694.52 V ' 1109V 0.65%
DC bus 4 1687.88 V 1091V 0.64%
DC bus § 1692.12 V 1181V - 10.70%
DCbus 6 168708 V 10.82V 0.64%
Table }

In the case of a medium voltage application of the VFD, it is dangerous for a user to work
divectly with the medium voltage VFD due to the higher voltages and power present. Making
routing test measurements on gach DC bus section is part of a preventative maintenance plan, but
this is offen skipped due to the hazards present. It is desirable for a user to interface with the VFD
and the DC monitoring systern comected to the VFD at an interface that is within the low voltage

compartment. To accommodate such a physical separation, the DC monitoring system includes a




WO 2020/163085 PCT/US2020/014556

monitoring device, referred to as a PQube monitoring device, that is located in the low voltage
compartment with a VED low voltage control system, and a data transmission network for
interconnecting the PQube monitoring device to the measurement modules connected to the VFD
in the medium voltage compartment. The PQube monitoring device is located in the low voltage
compartment with the VFD controls. The PQube monitoring device is powered from a low
voltage power souree, such as 24VDC / 120VAC from a main line that is readily available in the
low voltage compartment. Figure § illustrates a functional block diagram of the DC monitoring
system configured for transmitting data from a medium voltage compartinent to a fow voltage
compartment according to some embodiments. The DC monitoring system shown in Figure 5'is
configured for a medium voltage VFD similar to that shown in Figure 4. The VFD shown
includes six DC busses, labeled as DC bus 1, DC bus 2, efc. A separate measurement module,
such as the measurement module shown in Figure 3, 18 connected to each DC bus via dedicated
terminal connection points for each DC bus. This connection to the DC bus also provides power
to the measurement module, and as such, in some embodiments, the measurement module may
not include an internal power supply. Each measurement module 15 also not referenced to ground
but is instead floating relative to the DC bus potential. Failure to not float the measurement
module reference may result in the VFD entering a fault mode and not operating correctly. The
rneasurement maodules are labeled as measurement module |, measurement module 2, ste, As
such, there is a measurement module for each DC bus. One or move fiber optic cables are
connected to each measurement module 1-6. Each measurement module is configured to sense
the voltage levels at the correspondingly connected DC bus, generate data signals representative
of the sensed voltage levels, and transmit the data signals over the attached fiber optic cables.
Esach measurement module includes an appropriate network interface for interconnecting to the
connected fiber optic cable. In the low voltage compartment, each of the fiber optic cables is
connected to a fiber optic concentrator or other appropriate network switch. The PQube
monitoring device is ronnected to the fiber optic concentrator via a fiber optic interface (FOI). In
some embodiments, the PQube monitoring device is connected to the fiber optic interface by a

fiber optic cable. The data signals transmitted over the fiber optic cables are received by the fiber
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optic concentrator and provided to the PQube monitoring device, The fiber optic communication
wetwork provides ground isolation and no direct electrical conduction path from the mediam
voltage compartment into the low voltage compartment. The dashed line shown in Figure 3
represents an actual physical barrier, such as a wall, that separates the medium voltage
compartment and the fow voltage compartment. A hole can be made in the physical barvier to
enable the fiber optic cables connecting the measurement modules and the fiber optic concentrator
to pass through, No electrically conductive pathways are to exist connecting the mediun voltage
compartment to the low voltage compartment. Alsg, in the low voltage compartment, ther¢ is a
power supply and a backup power supply, such as an uninterruptable power supply (UPS),
connected to the PQube monitoring device.

The PQube monitoring device inchudes computer processing and memory storage circuitry
for converting the received data signals to corresponding sensed voltage values and for processing
and analyzing these voltage values to determine corresponding rectified three-phase voltage
waveforms on each of the DC buses in the VED, and for determining filtered values (such as
averages) of the rectified three-phase voltage waveforms, voltage ripple waveforms, and
calculating and storing the voltage ripple ratio result. The PQube monitoring device can also be
connected to an external network, such as by an ethernet TCP/IP network or ModBus TCP or
other type of network connection, wired or wireless. The PQube monitoring device ean be further
configured for external control, storage, and power connections.

VFDs suffer from a common failure mode, namely DC bus capacitor failure in the case of
voltage sourced VFDs. In medium voltage spplications, large capacitors in the DC bus are
required. DC bus capacitor failure in such medium voltage configurations can lead to extremely
dangerous conditions. Detecting the on-set of this failure is desirable to prevent the extensive
damage that can be caused by a high voltage, high energy explosion that can result from this type
of failure. The DC monitoring system enables measurement and analysis of VFD operational
characteristics to determing possible failure conditions and initiate early failure warning. Such
measurement, analysis, and determination can be applied to all VFD sizes and voltages without

complex calculations and setup requirements.
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It some embodiments, the DC monitoring system is part of a larger three-phase electrical
system that includes a VFD connected 1o a three-phase motor. The VFD converts a three-phase
AC voltage received from the electrical grid o another three-phase AC voltage suitable for
operating g connected three-phase motor. An operational speed of the three-phase motor is
dictated by the voltage and frequency of the three-phase AC voltage output by the VFD. The
speed of the motor can be adjusted by the VFD adjusting the voltage and frequency of the three-
phase AC voltage supplied to the motor. The input three-phase AC voltage has a standardized
frequency, such as S0 or 60 Hz, and the output three-phase AC voltage has a specific voltage and
frequency 1o operate the motor at a specific speed.

In the medium voltage application, the medium voltage three-phase AC voltage, such as
4160VAC, is input to the VFI). As described above in regard to Figure 4, the input medium
valtage three-phase AC voltage is received at the primary windings of the transformer in the
VFD, which steps down the primary side medium voltage to a secondary side low voltage across
multiple different secondary windings, cach connected to g corresponding rectifier and DC bus.
Figure & illustrates exemplary low voliage three-phase AC voltage waveforms across each
secondary winding in the medium voltage VFD or input waveforms to a low voltage VFD
according to some embodiments. The three-phase AC voltage waveforms includes a phase A
voltage waveform, a phase B voltage waveform that is 120 degrees out of phase with the phase A
voltage waveform, and a phase C voltage waveform that is 120 degrees out of phase with the
phase B voltage waveform. Each of the exemplary three-phase AC voltage waveforms shown in
Figure 6 have a voltage level of 480VAC and frequency of 60Hz. 1t is understood that
alternative three~phase AC voltages can be used having different voltages and frequencies than
the examiple of Figure 6.

The low voltage three-phase AC voltage is supplied as input to the converier of the VID.
The converter rectifies the input low voltage three-phase AC voliage and outputs a
corresponding rectified low voltage three-phase DC voltage. Figure 7 llustrates a rectified low
voltage three-phase DC voltage waveform corresponding to the low voltage three-phase AC

voltage waveforms of Figure 6. The rectified low voltage three-phase DC voltage wavetorm
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includes two components: a DC component and a voltage ripple component, simply referred to
as voltage ripple. Voltage ripple is commonly referred to as an AC component.

The DC component is also known as the zero harmonic DC voltage value or DC offset,
which can simply be referred to as the DC voltage value. The rectified low voltage three-phase
DC voltage waveform fluctuates about the fixed DC voltage value (DT component). This
fluctaation is the voltage ripple, which is an artifact of the AC-to-DC conversion performed by
the rectifiers. Voltage ripple generates unwanted harmonics, which can be reduced by increasing
the capacitance of the capacitor in the I¥C bus. The capacitance value is a function of current
demand (motor torque). As the capacitance decreases with age the current draw (seen as ripple)
increases. This overloads the capacitor and it overheats, which can resuit in capacitor fatlure. By
way of comparison, three different voltage ripple waveforms are shown in Figures 8-11. Figure
8 illustrates a voltage ripple waveform corresponding to the rectified low voltage three-phase DC
voltage waveform of Figure 7 without a capacitor in the DC bus. The voltage ripple waveform is
obtained by subtracting out, or removing, the fixed DC voltage value (DU component).

The voltage ripple waveform shown in Figure 8 illustrates the peal to peak voltage ripple,
which represents a worst-case scenario and also represents the case of the DC bus having zero
capacitance. Figure @ Hlustrates an exemplary voltage ripple waveform where the DC bus has a
new capacitor. However, as capacitors age, their capacitance decreases, resulting in an increase in
voltage ripple. Figure 10 illustrates an exemplary voltage waveform where the DC bus capacitor
is aged. “Aged” is considered an intermediate time between new and end of life. The voliage
ripple waveform of Figure 10 corresponds to the same DC bus capacitor applied as in the voltage
ripple waveform of Figure 9, except the capacitor is aged compared to being new. Figure 11
iltustrates an exemplary voltage ripple waveform where the DC bus capacitor is old, or near end
of life. The voltage ripple waveform of Figure 11 corresponds to the same DC bus capacitor
applied as in the voltage ripple waveform of Figure 9, except the capacitor is old compared to
being new. VFD manufactures typically suggest replacing capacitors every 5-7 years regardiess
of their performance, which is expensive and requires significant downtime of the VFD. Figure

12 illustrates an overlay of the exemplary voltage ripple waveforms shown in Figures 8-11. As
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can be seen from the comparison of the voltage ripple waveforms, the voltage ripple can be
significantly reduced by capacitor filtering, as shown by comparing the unfiltered voltage ripple
waveform to the voltage ripple waveform filtered with new capacitors, but the filter effectiveness
dirninishes over time, as shown by comparing the voltage ripple waveform filtered with new

capacitors 1o the voltage ripple waveform filtered with old capacitors. Table 2 shows the

corresponding RMS vahues of the voltage ripple waveforms shown in Figure 12.

Unfiltered (DC Filtered with New Filtered with Aged Filtered with Old

removed) Capacitors Capacitors Capacitors

5640V (RMS} 143V (RMS) 1040V (RMS) 28.89V (RMS)
Table 2

Eventually, the diminished capacitance of aging capacitors reaches a critical point, leading
to DC bus failure. Capacitors lose capacitance due to two main reasons: heat, and high current
draw that leads to heat. Eventually, the electrolyte in the capacitor evaporates or boils leading to
an internal short and in some cases an explosion. Conventionally, the voltage level of the DC
bus, such as the RMS voltage level, is monitored. If the monitored voltage level drops below a
certain value, then an alarm is sounded indicating a possible DC bus failure. However, this
method is supply and load dependent. In other words, if the input voltage sags, then the voltage
level of the DC bus also sags, and a false alarm may result, The case is similar for load, if the
load increases the DC bus may reduce and input AC veltage will drop according to the feeder line
impedance. Monitoring of the DC bus voltage level, and more particularly, monitoring of the
RMS voltage value of the filtered voltage ripple waveform, also fails to adequately identify
decreased capacitance levels may result in a DC bus failure threshold. This is due to the fact that
the RMS voltage value of the filtered rectified three-phase DC voltage remains substantially the
same even as {ilter capacitance decreases and voltage ripple increases. The conventional

methodology is heavily load dependent and provides a measure of load conditions, and is not an
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effective measure of early capacitor failure.

Instead of simply measuring DC voltage values and determining the RMS voltage value of
the filtered rectified three-phase DC voltage waveform, the DC monitoring systent also
determines the voltage ripple and uses a ratio of the voltage ripple as a basis for generating an
early capacitor failure warning. Although the voltage ripple value does provide an indication of
potential capacitor failure in the DC bus, the voltage ripple value is an absolute value, the ranges
and failure indicating thresholds of which will vary from application to application as operating
voltage requirements and load conditions change. A means for normalizing the use of voltage
ripple measurements across various input voltages and applications is to use a voltage ripple ratio
as an indicator for potential capacitor failure in the DC bus. The voltage ripple ratio provides a

dimensionless value, In general, the voltage ripple ratio is defined as:
voltage ripple ratio = (voltage ripple value)/(B3C voltage value) * 100% (1)}

where the voltage ripple value is a determined value of the voltage rvipple waveform over a
defined period of time, and the DC voltage value is a determined value of the rectified three-phase
DC voltage waveform over the defined period of time. The DC monitoring system includes
program logic and algorithms for performing the described analysis, calculations, and
determinations. The rectified three-phase DC voltage waveform is digitally processed by the DC
monitoring system, such as by the measurement module or the PQube monitoring device, to
determine the voltage ripple value and the DC voliage value. The rectified thres-phase DC
voltage waveform can be digitally processed by filtering or other digital processing techniques.
Figare 13 Hlustrates an exemplary data processing flow implemented by the DC
monitoring system. Sensed DC bus data measured by the DC wmonitoring system is digitized,
sampled, and filtered to determine the voltage ripple value and the DU voltage value, which are
then used to caleulate the voltage ripple ratio. The measured voltage levels from the DC bus are
sensed as analog signals that are converted to digital values by an analog-to-digital converter

(ADC). An exemplary waveform sensed at the DC bus is the rectified low voltage three-phase
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DC voltage waveform shown in Figure 7. In some embodiments, the ADC is included in the
measurement module. After the sensed DC bus voltage is sensad and converted, the digitized
signal is transmitted via the fiber optic cable to the fiber optic concentrator in the low voliage
compartment. In some embodiments, two separate filtering processes are performed on the
digitized signal. A first digital filtering process isolates the DC voltage value, referred to as a DC
isolation filter. The result of the first digital filtering process is a determined DC voliage value,
which is applied in equation (1), A second digital filtering process removes the determined DC
voltage value from the digitized signal, thereby isolating the voltage ripple waveform. An
exemplary output of the second digital filtering process is the voltage ripple waveform shown in
either of Figures 8-11. A voltage ripple value is determined from the isolated voltage ripple
waveform. The determined voltage ripple value is applied in equation (1), Dividing the
determined voltage ripple value by the determined DC voltage value results in the voltage ripple
ratio. A scaling factor can be used, such as multiplying by 100%, to obtain a more manageable
value for the voltage ripple ratio.

The data processing flow shown and described regarding Figure 13 details generalized
digital filtering processes. The first digital filtering process can implement a vartety of different
digital filtering processes for determining the DC voltage value from the digitized signal. In some
embodiments, the first digital filtering process isolates the DC voltage value by taking an average
value of the rectified low voltage three-phase DC veltage waveform over a defined period of time,
such as a one-half cycle of the rectified low voltage three-phase DC voltage waveform. For
exarmple, the defined period of time can be 8.333 msec in a 60 Hz application, or 10.0 msec ina
50 Hz application. It is understood that processes other than taking the average value of the
rectified low voltage three-phase DC voltage waveform can be implemented including, but not
limited to, an RMS value of the rectified low voltage three-phase DC voltage waveform, or an
average of the peak values of the rectified low voltage three-phase DC voltage waveform,
Similarly, the second digital filtering process can implement a variety of different digital filtering
processes for determining the voltage ripple value of the digitized signal. In some embodiments,

the second digital filtering process determines the voltage ripple value by taking an RMS value of
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the voltage ripple waveform over the defined period of timre. It is understood that processes other
than taking the RMS value of the voltage ripple waveform can be implemented including, but not
limited to, an average value of the voltage ripple waveform, or an average of the peak values of
the voltage ripple waveform. Figure 14 {llustrates the exemplary data processing flow of Figure
13 where the fivst digital filtering process includes determining the average value of the of the
rectified low voltage three~-phase DC voltage waveform over a defined perind of time and the
second digital filtering process includes determining the RMS value of the voltage ripple
waveform. An example output of the fivst digital filtering proecess of Figure 14 is the average DC
voltage waveform shown in Figure 15. The average DC voltage waveform: has a constant value,
referred to as an average DC voltage value. An example output of the second digital filtering
process of Figure 14 is the RMS voltage ripple waveform shown in Figure 16, which is
determined from the voltage ripple waveform of Figure 8. The RMS voltage ripple waveform has
a constant value, referred to as a RMS voltage ripple value. Equation (1) can be modified to
account for the speeific digital filtering processes used in Figure 14. The modified equation (1}

becomes:
voltage ripple ratio = (RMS voltage ripple value)/{average DC voltage value) * 100% (2).

The Applicant has found that monitoring of the voltage ripple ratie provides a forward indicator
of capacitor failure. In both low voltage and medium voltage VFDs acomparison of the voltage
ripple ratios for all the DC busses can be made at a glance, easily identifying the poor performing
capacitor, explained in greater detail below.

Table 3 shows resultant calculations for the average DC voltage, the RMS voltage ripple,
and the voltage ripple ratio for the waveforms shown in Figures 7-11. The column No Cap
corresponds to the worst-case condition where the DC bus filter has no capacitance, as shown in
the waveform in Figure & The column New Cap corresponds to the condition where the
capacitors in the DC bas filter are new, as shown in the waveform in Figure 9. The colunn Aged

Cap corresponds to the condition where the capacitors in the DC bus filter are at an intermediate
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stage of use, as shown in the waveform of Figure 10. The column Old Cap corresponds to the
condition where the capacitors in the DC bus filter are old (near end of life}, as shown in the

waveform in Figure 11, The values for the voltage ripple ratio are caleulated using equation (2}

No Cap New Cap Aged Cap Old Cap
average DC 648.81 648.81 648.81 648.81
voltage (V)
RMS voltage 66.40 1.43 10.49 28.89
ripple(V)
voltage ripple ratio 10.23% 0.22% 1.62% 4.45%
Table 3

The DC monitoring system can be used to signal the VFD controller to turn off or restrict
the load if a high voltage ripple ratio is determined, and to limit the load of the VFD if an
excessive voltage ripple ratio is determined. The DC monitoring system can also be used to
combine thess aspects, Firstly to limit the load, and secondly if a high voltage ripple ratio is
determined at the lower load then the VFD is turned offl

The control modale can be configured with a fallure warning threshold for the voltage
ripple ratio. In some embodiments, a voltage ripple ratio of 2.0% is set as the failure warning
threshold. If at any given time the calculated voliage ripple ratio is 2.0% or higher, a waming
signal is triggered by the control module. The triggered warning signal can initiate a local alarm,
such as an alarm sounded by the PQube monitoring device or another device locally connected to
the PQube monitoring device, or a remote alanm, such as a device remotely connected fo the
PQube monitoring device by a cominunications network. The PQube monitoring device can also

take a ‘snapshot’ of all the waveforms during the event and store them locally, and if connected to
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a computer network with access to email, the PQube monitoring device will email, or otherwise
communicate, the digital snapshot to the required personnel. The Applicant has found that a
voltage ripple ratio of 2.0% or higher provides an effective predictor for near-term DC bus
capacitor failure, and a failure wamirig threshold set at a voltage ripple ratio of 2.0% provides an
effective early warning system. It is understood that the failure warning threshold can be setat a
different voltage ripple vatio than 2.0%. Althongh use of the voltage ripple ratio is intended to
normalize early warning fatlure friggers characterized by the voltage ripple measurements across
different applications, the failure warning threshold can be set at different levels for different
applications, as generalized or customized as desired. For example, a certain type of motor and/or
VFD, or motor and VFD combination, may have one failure warning threshold value, while
another type of motor and/or VFD, or another motor and VFD combination, may have a different
failure warning threshold. In some embodiments, in addition to or in place of triggering an alarm,
the warning signal can be used to automatically turn off or place in standby the VFD and/or the
motor,

Another predictor of possible DC bus capacitor failure can be applied to VFDs having
multiple DC buses by comparing determined voltage ripple characteristics between various ones
or all of the DT buses. In some embodiments, it is the voltage ripple ratio for each DC bus that is
compared from one DC bus to another. In other embodiments, it is the voltage ripple value, such
as the RMS voltage ripple value, for each DC bus that is compared from one DU bus to another.
A VFD with multiple DC buses is configwred for balanced load, which translates to equal voltage
ripple ratios or voltage ripple values across each DO bus. If the determined voltage ripple
characteristic, such as the voltage ripple ratio or the voltage ripple value, is different across one or
more DC buses compared to the other DC buses, then an unbalanced condition exists. The
unbalanced condition can be a predictor of a potential DU bus capacitor failure and provides
Justification for generating a warning signal. Control logie, either in the PQube monitoring
device or an electronic device remotely connected to the PQube monitoring device, is configured
with programmed logic and memory for making such comparisons and generating appropriate

warning signals. By way of example, consider the VFD of Figure 4 that has six DC buses.
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Consider that the voltage ripple characteristic to be measured and compared is the voltage ripple
satio for each DC bus. The voltage ripple ratio for BC bus 1 s referred to as A, the voltage ripple
ratio DC bus 2 is referred to as A-, the voltage ripple ratio for DC bus 3 is referred to as B, the
voltage ripple ratio for DC bus 4 is referred to as B+, the voltage ripple ratio for DC bus 5 is
referred to as C, and the voltage ripple ratic for DC bus 6 is referred to as C-. The comparison

logic can be as follows:

Compare A to A-
Expected result of A+ (A-)=0
Else unbalanced and early warning signal generated.

Stmilarly, compare B io B- and C 1o C-~,

Different comparison logic can be used as an alternative or addition to the above comparison
B g

iogic. For example:

Compare all six values A, A-, B, B-, C, C- to each other
Expected result AHAHBHBHCHC =0

Else further diagnostics are required.
Additional diagnostics may include:

Compare A to B

Expected result A-B =0

Else unbalanced and early warning signal generated.
Similarly compare A to Cand B to C.

Stmitarly compare A-, B- and C-

Unbalance across DC buses may occur due to an unbalance in the lnput three-phase AC voltage,
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this must be considered as part of the additional diagnostics.

Example:

The following example shows actual results performed in a low voltage environment for a
single DC bus configuration. This test was in a low voltage environment for safety reasons as it is
too dangercus to perform this test in a medium voltage environment. The tests results provide a
yseful basis for evaluation a multiple bus configuration in a medium voltage environment since
individual buses in a multiple bus configuration have similar data points as the single bus test
results shown below.

A 200 Hp VFD is selected to represent a common drive size. The VFD is connected to a
480V, 60 Hz input power source on R, S, and T terminals of the VFD. The outputs (U, V, and W)
of the VFD are connected to a 200 Hp rotating load. The VFD has eight 8200uF capacitors
connected in groups of two serially connected, and in a bank of 4 parallel pairs, This resulis ina
total capacttance of 16400ut.

The following test steps are followed, and the data recorded. After each step the drive is
powered down and the capacitor bank allowed to discharge before making modifications to the
DC bus {removing of capacitance). All electrical data including the DC bus status is recorded in a
Power Standards Lab PQube 3 (PQube monitoring device) with a 1000V Attennator module for
the DC measurements, The test steps include:

B Start the VFD and load up to full load (240A to the motor).

2) Capture the following data:
a. Al AC (voltage ripple) parameters, V, A, Hz, PF
b. Harmonies

c. D3C bus average and peak ripple
33 Power down the YFD
43 Remove approximately 25% of the capacitance from the DC bus

5) Power up the VFD
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6} Retumn to full load
i3 Capture data
8} Repeat

Note: The test was stopped by the VFD technician, who indicated the remaining capacitors where
hot and likely to explode if the test continued. This occurred with about 18% capacitance
remaining. Although the preceding procedure is shown in the context of a low voltage
environment, the same procedure can be applied in a medium voltage environment having
multiple buses.

The following results correspond to the load being driven at full load. Figure 17 illustrates
the resulting waveforms from the example test above where the capacitance is 16400 uF. A
capacitance value of 16400 uF corresponds to a *new capacitor” condition. The first (top)
waveform shows the fow voltage three~-phase AC voltage waveform across a secondary winding
of the transformer. The second waveform shows the current input into the Y¥D. The third
waveform shows the voltage ripple waveform as measured at the DC bus. The fourth (bottom}
waveform shows the rectified low voltage three-phase DC voltage waveform, the same as shown
in Figure 7.

Figure 18 illustrates the resulting waveforms trom the example test above where the
capacitance is 2300 oF. A capacitance value of 2300 uF corresponds to an “old capacitor”
condition.

Table 4 below shows resultant caloulations for the average DC voltage, the RMS voltage

ripple, and the voltage ripple ratio for various capacitance values tested.
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Capacitance {uF) 16400 12300 8200 4100 2300

RMS voltage ripple (V) £.25 $.82 7.07 10.15 12.73

average DC voltage (V) 623.03 621.90 62247 622.20 621.27

voltage ripple ratio 1.02% 1.11% 1.14% 1.65% 2.12%
Table 4

Figure 19 illustrates a graph of test results comparing capacitance versus voltage ripple
ratio. The solid line represents the voltage ripple ratio determined using the digital filtering
processes described above. The dashed line represents the voltage ripple ratio calculated using an
appropriate polynomial equation. Table 4 and the graph of Figure 19 indicate how the voltage
ripple ratio increases with loss of capacitance. More particularly, the voltage ripple ratio remains
slightly above 1% until the capacitance is reduced to 8000 oF. After this point the voltage ripple
ratio increases rapidly as more capacitors are removed, which corresponds to reduced capacitance
value. By the time the voltage ripple ratio reached 2%, the technician indicated the remaining
capacitors were getting hot, and on his recommendation the test was concluded.

The present application has been described in terms of specific embodiments
incorporating details to facifitate the understanding of the principles of construction and operation
of the DC monitoring system, Many of the components shown and described in the various
figures can be interchanged to achieve the results necessary, and this description should be read to
encompass such interchange as well. As such, references herein to specific embodiments and
details thereof are not intended to limit the scope of the claims appended hereto. It will be
apparent to those skilled in the art that modifications can be made to the embodiments chosen for

illustration without departing from the spirit and scope of the application.
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CLAIMS

What is claimed s

1. A system to determine failure in a variable frequency drive, the system comprising:
a. the variable frequency drive comprising a DC bus; and
b. a measurement device coupled to the DU bus, wherein the measurement device is

configured to measure g voltage waveform of the DC bus and to process the
measured voltage waveform to determine a voltage ripple ratio, wherein the
voltage ripple ratio comprises a second filtered value divided by a first filtered
value, the first filtered value is a DC voltage value of the measured voltage valug
and the second filtered value is a voltage ripple value of the measured voltage
value, wherein the measurement device is further configured to compare the
voltage ripple ratio to a threshold value, and to generate a warning signal if the

voltage ripple ratio is equal to or greater than the threshold value.

2. The system: of claim 1 wherein the DC voltage value is an average value of the measured

voltage waveform over a defined period of time.

3. The system of claim 1 wherein the DC voltage valus is a root mean square value of the

measured voltage waveform over a defined period of time.

4, The system of claim 1 wherein the DC voltage vahue is a peak value of the measured

voltage waveform over a defined period of thme,
5. The system of claim 1 wherein the measured voltage waveform includes a voltage ripple

waveform compaonent, and the voltage ripple value is a root mean square of the voltage ripple

waveform component over a defined period of time.
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6. The system of claim | wherein the measured voltage waveform includes a voltage ripple
waveform component, and the voltage ripple value is an average of the voltage ripple waveform

component over a defined period of time.

7. The system of clainm 1 wherein the measured voltage waveform includes a voltage ripple
waveform component, and the voltage ripple value is a peak value of the voltage ripple waveform

component over a defined period of time.

8. The system of claim 1 wherein the measured voltage waveform comprises an AC voltage
component and a DC voltage component, and the voltage ripple value is representative of the AC

voltage component and the DC voltage value is representative of the DC voltage component.

9. The system of claim | wherein the variable frequency drive is a medium voltage variable

frequency drive configured to receive an input medium voltage.

16.  The system of claim 9 wherein the medium voltage comprises a voltage value in the range

of 2001 VAC to 35,600 VAC.

11, The system of claim 1 wherein the variable frequency drive is a low voltage variable

~

frequency drive configured to receive as input a low voltage.

12 The system of claim ¢ wherein the medium voltage comprises a voltage value in the range

o

of 0 to 2000 VAC.,

3. The system of claim 1 wherein the DC bus comprises # filtering capacitor, and the

warning signal indicates upcoming capacitance failure of the filtering capacitor.

i4. A gystem to determine failure in a variable frequency drive, the system comprising:
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a. a variable frequency drive comprising a plurality of DC buses;
b a pharality of measurement devices, one measurement device coupled to one of the
plurality of DC buses, wherein each measurement device is configured to measure

a voltage waveform of the corresponding DC bus; and

L]

a PQube measurement device coupled to the plurality of measurement devices to
receive data signals representative of the measured voltage waveforms, wherein
the PQube measurement device is configured to process the measured voltage
waveform to determine a voltage ripple ratio for each DC bus, wherein the voltage
ripple ratio comprises a second filtered value divided by a first filtered value, the
first filtered value is a DC voltage value of the measured voltage waveform and the
second filtered value is a voltage ripple value of the measured voltage waveform,
wherein the PQube measuwrement device is further configured to compare the
viltage ripple ratio for cach DC bus to a threshold valoe, and to generate a warning

signal if the voltage ripple ratio is squal to or greater than the threshold value.

15.  The system of elaim 15 wherein the DC voltage value is an average value of the measured

voltage waveform over a defined peviod of time.

16, The system of claim 15 wherein the DC voltage value Is a root mean square value of the

measured voltage wayeform over a defined period of time.

17.  The system of claim 15 wherein the DC voltage value is a peak value of the measured

voltage waveform over a defined period of time.
18.  The system of claim 15 wherein the measured voltage waveform includes a voltage vipple

waveform component, and the veltage ripple value is a root mean square of the voltage ripple

waveform component over a defined period of time.
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19, The system of claim 15 wherein the measured voltage waveform inclades a voltage ripple
waveform component, and the voltage ripple value is an average of the voltage ripple waveform

component over a defined period of time.

20.  The system of claim 15 wherein the measured voltage wavetorm includes a voltage ripple
waveform component, and the voltage ripple value is a peak value of the voltage ripple waveform
component over 8 defined period of time.

21, The system of claim 15 wherein the measured voltage waveform comprises an AC veltage

component and a DC voltage component, and the voltage ripple value is representative of the AC

voltage component and the DC voltage value is representative of the DC voltage component.

22.  The system of claim 15 wherein the variable frequency drive is a medium voltage variable

frequency drive configured to receive as input a medium veltage,

23, The system of claim 23 wherein the medium voltage comprises a voltage value in the

range of 2001 VAC to 35,000 VAL,

24, The system of claim 23 wherein each DC bus has a low voltage.

25. The system of claim 25 wherein the low voltage comprises a voltage value in the range of
0 to 2000 VAC.

26.  The system of claim 15 wherein the DC bus comprises a filtering capacitor, and the

warning signal indicates upcoming capacitance failure of the filtering capacitor.

27, The system of claim 15 wherein the PQube measurement device is further configured to

compare the voltage ripple value component of each DC bus to the voltage ripple value
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component of one or mere other DC buses, and if the voltage ripple value components are not

equal then the warning signal is generated.
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