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Quantitative Power Loss Analysis and Optimisation in Nth-order Low Voltage
Multilevel Converters
Alexander Peterséfy David A. Stoné, Martin P. Fostet, Jonathan N. Davidsén

1Electrical and Electronic Engineeririgniversity of Sheffield3 Solly StreetSheffield S1 4DE, UK
"apetersenl@sheffield.ac.uk

Abstract: Focusing on cascaded H-bridge converters for grid-tie battery energy storage, a practical, analytical method
is derived to evaluate the switching-associated power loss in multilevel converters, evaluated from a number of sources of
loss. This new method is then used to find performance trends in the use of converters of increasing order over a range of
switching frequencies. This includes an experimental analysis into predicting the performance of MOSFET body diodes. Our
analysis with this model shows that a multilevel converter can have lower losses than the equivalent single bridge, three-
level converter, particularly at higher switching frequencies, due to the availability of suitable switching devices. It also has
interesting implications for enabling the use of cutting-edge non-silicon power switching devices to further improve
potential efficiencies.

. themselves“how many levels should the converter have?”
1. Introduction but current research provides little guidance on how to make
Multilevel converters today are wused almost that decision.
exclusively in applications where devices simply do not This research aims to bridge the gap between
exist with suitable ratings, such as high/medium voltage academic observation and commercial justification, by
converters. Existing literature has discussed the benefits ofinswering this important question. While it is a complex and
multilevel converters for a range of other, lower voltage application-specific question, this paper tackles the issue
applications. This paper seeks to answer the question of hofrom the perspective of power loss associated with the
many levels is too many a topic notable by its absence switching devices. Unlike other cutting-edge power
from the literature. Of particular interest to the authors areconverter optimisation methods [11], there is a focus on the
the potential benefits found through the use of multilevel creation of a practical method, while still minimising loss in
converters in bidirectional grid-tie battery energy storage model precision.
systems- an emerging application which promises to grow This paper differs from other multilevel optimisation
dramatically as public policy favours low carbon intelligent research as in mainstream multilevel converter applications
energy systems [1]. the number of levels is dictated solely by the ratings of the
The wuse of, specifically, cascaded H-bridge best devices and the voltage being switched across. As such,
multilevel converters in grid energy storage applications canoptimisation in these fields focusses in other areas, such as
not only permit the converter to do much of the work that modulation strategy [12] or size of DC link [13].
would normally be performed by a separate battery Unfortunately, this existing body cannot be used in this
management system (BMS) [2-4] such as cell or stringpaper due to the significantly lower voltage range.
balancing, but can enable the use of heavily degraded or Existing power loss analysis research is also found
second life battery packs by dynamically favouring lacking as it either fails to use practical methods for finding
degraded strings [5, 6]. Battery storage is also particularlyparameters [14,15floesn’t define the loss model at all [16],
suited to the use of multilevel converters due to the easyor does detailed analysis of a highly idealised model [17].
creation of split DC voltage sources through separating
battery packs into smaller strings, thereby avoiding the need®?. Method
for large capacitors to split a main DC supply or multiple A large dataset of power switching devices
DC supplies. ) (specifically silicon MOSFETs) was assembled to evaluate
~ Thatis not to say that multilevel converters are only the trends in converter performance under a range of
suitable for battery energy storage applicatieriar from it.  ¢onditions. These devices were selected to represent a cross-
Their use in motor drives, for example, is also the subject ofgection of devices with sufficient current ratingrom low
a significant body of research [7-10]. The benefits in this g high voltage rating and from the contemporary to the
application are significant reductions in total harmonic somewhat dated. Over a range of switching frequencies and
distortion [7, 8, 10] as well as reduction in overall noise [9]. number of cascaded bridges in the converter, the total power
The number of levels used in the converters that|oss for every device with a sufficient drain-source voltage
feature in the cited literature, which covers both physical ang drain current rating is evaluated. The device with the
prototypes and simulation, vary significantly: from as low as |owest total loss is the best device choice for that converter.
5 levels [8] to as many as 19 levels [6]. In all of these As a benchmark reference for development, and to
publications_e_ind throgghout the fi(_eld, the research focusse-‘provide a focus to the research, we use a typical converter
on the speuflc be_nef!t that_a muI_tlIe\(eI_ converter can ha"especification. The specification is for a single-phase
in the given application without justifying the number of pigirectional grid-battery interface for use in a domestic
levels used. A pragmatic design engineer must asksetting. The multilevel converter technology in use will be
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the cascaded H-bridge topology, an Nth-order examplerelated, however, as n = 2N+1. If one neglects the dead time
being shown in figure 1, which enables string balancing forand switching time (a reasonable approximation for
grid-attached energy storage applications. The methodcalculation of resistive on-state loss), then the curreng, |
shown in this paper can be easily applied to otherflows through two power FETs in each bridge, and therefore
specifications or multilevel converter topologies as required. Rrora. = 2NRbs,on. S0 the expression for total power loss

The design specifications of the reference converter are:
® 230V 50Hz grid connection (UK and EU standard),
¢ 500V nominal DC link voltage (while unusually high,
overhead is required for bad string avoidance [5, 6]),
e 6kW power capacity (akin to a high power domestic
electric  vehicle charger with  vehicte-grid
connection).

Fig. 1. A circuit diagram of an Nth-order cascaded |
bridge multilevel converter for grid-tie battery ener:
storage applications.

due to on-state resistance is:

2
Prpson = 2NIrms“Rps,on (1)
2.2. Capacitance Variation Estimation

Many of the subsequent methods depend upon
precise knowledge of the capacitance between the various
terminals of the devices; for example, in the integrals in (2),
(3) and (5). However, these capacitances vary significantly
with the drain-source voltage experienced by the device.
This relationship is highly non-linear, and bears little pattern
from device to device. Figure 2 shows the capacitance
curves for three different devices, showing the input
capacitance, &, the output capacitance,.& and the
feedback capacitance;s&
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Fig. 2. Comparison of a number of MOSFET capacitar
curves, showing how they vary with respect to the dre

To derive a good comparative metric for loss in these goyrce voltage, 34
converters, each source of power loss is considered in turn

and evaluated. The sources of loss considered are:

» onstate resistance (sectiorlp

e transient loss in the gate (sectia3)2

e transient drairsource or ‘output’ loss (section 2.4),

e transient and quiescent gate driver losses (sect®ii)2
e power loss in the diodes (sectioBR

The derivation of these is considered in turn.
2.1. On-state resistance

All power field effect transistors (FETs) have a finite
onstate resistance between drain and souregofR This is
the dominant source of loss in many applications,
particularly at low switching frequencies. This figure is
readily available on datasheets for any device, but varie

with temperature. To better approximate the true resistanc
found in operation, the on-state resistance at TJ=80°C wa

extracted from the datasheet.

The total on-state resistance is related to N, where N

is defined as the ‘order’ of the converter; that is, the number

of cascaded bridges. It is distinct from the number of voltage.
levels available from the converter, n. These quantities aré

S ; ; . .
éhe actual capacitance curves of two devices with their

%:)rresponding linearised approximation. Based on figure 3,

Due to the emphasis on producing a practical
analysis and design methodology, the data entry required to
copy these curves is prohibitive. Optical character
recognition methods were investigated to allow automated
datasheet information extraction, but the lack of consistency
in data provided and the very poor quality of the plots on
some datasheets made this almost impossible. As a result, a
simplifying linearised approximation was made.

Both Gsss (output capacitance) andsC(feedback
capacitance) are approximated by an initial linear region,
becoming flat after a chosen voltage threshold, the
approximation is therefore fully defined by three values: the
maximum capacitance, the minimum capacitance and the
voltage at which the minimum capacitance is to be evaluated.
Meanwhile, Gss (input capacitance) approximated as a
constant value. Figure 3 shows a pair of graphs comparing

e linearising approximation appears adequate, but the
important thing is how the integral with respect to voltage
compares between the real data and the estimation.

To validate this approximation the precise datasheet
nformation was compared to the linearised approximation

2
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time the gate-drain capacitance charges through the gate.
The Miller charge is calculated from the integral of the
drain-source capacitance, also known as the feedback
capacitance or &, with respect to the drain-source voltage
As such, the Miller Charge is (non-linearly) correlated to the
maximum drain-source voltage across which the device is
switching. The relationship betweens{and \bs is again
approximated by the linearised relationship described in
section 22.

The calculations are further complicated as the
maximum drain-source voltagep¥max, varies sinusoidally
with time as a result of the AC grid connection. This must
be accounted for, as shown in (3).

QMILLER,AV (VDS)
_ f:/zw Q(Vpsmax sin(wt))dt

/20 L W=2Tfmains (3)

2000

1800 \ S

Output Capacitance, €, (pF)
7

The voltage at which the Miller shelf occurs, labelled
=S in figure 4 as the plateau voltages ¥reau, is approximated
from information available on datasheets. Only a small
® v o Voagey Vs ] ® number of datasheets provide a figure Afeau. In other
Fig. 3. The linearised approximation plotted alongsi ~ C@S€S, Wiateau is estimated as 150% of the threshold
the precisely extracted datasheet curves displayed vo_Itage,_ a fl_gure available for all devices. Th_e accuracy of
linear axes for two devices. this estimation was tested for a set of one in ten devices
(eight devices in total) selected over a range of voltage
as well as an experimental series for a small subset of theatings from the full set found in Appendix A. The standard
devices listed in Appendix A. The linearising assumption deviation of error was 8%, with the outliers at no more than
induces error in estimation of the Miller charge with a 20% - so this estimation was deemed reasonable.
standard deviation of 26% relative to the precise datasheet With the charge-voltage curve calculated, and, by
curves. However, the precise curve estimation has aextension, the energy dissipated in the gate in a single
standard deviation in error from experimental results of 40%switching cycle (2), it is trivial to extend the energy
so the error between the precise datasheet information andissipation calculation to the total power dissipated into the
the linearised approximation is small when compared to thegates of the FETs throughout the converter. Since only one
error between the precise datasheet information and thdridge switches at any one time and each of the four FETs in
experimental results. We are therefore content to rely on thehe H-bridge goes through a turn on once per cycle, the total
linearising assumption. power dissipated in the gates is:

1600

1400

1200
0

2.3. Transient Loss in the Gate Poare = 4Egare X fewitching (4)

This is a measure of the power dissipated in the gate
of switching devices in the power converter and is found by
estimating the charge-voltage curve during turn-on, which is Output loss is the power that is expended in charging
related to the energy lost at the gate during a single cycle byihe capacitance between the drain and the source, Coss,
during turn on and turn off. The energy dissipated during a
single event is given in (5).

2.4. Transient Output Loss

Q6
EGare =J V5s(Qc)dQg (2)
0 Typical Gate Charge Curve
The gradients of the curve in figure 4 from 0 t¢ Q 2
and from Q+Qwier to X Q are easily derived from the :
device datasheet, as they can be determined from the input>_[3 P
capacitance, & Ciss varies with respect to the drain-source
voltage, \bs, but a linearised approximation of this
relationship (and other capacitance-voltage curves) is taken
from the datasheet for every device. In the case igf C
specifically, it is treated as a constant value with respect to
the drain-source voltage, which is a good approximation A
according to device datasheets.
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\

The flat region in the centre of the plot in figure 4 is o
known as the Miller shelf. Here, the gate-source voltage

remains constant while the transistor turns on, during whichFig. 4. A typical MOSFET gate charge-voltage curve, w
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_ Vbsmax 2 Epriver = (CissVGS,DRIVE + QMILLER,AV) X Vgs,prIVE
EOUT - Coss(VDS)d VDS —F (8)
0 GATE
Vpsmax
= J- Qoss Vps)dVps (5) To calculate power loss, energy is then multiplied by
0 four, for each switching device operating during a switching

o ) ) ) cycle, and multiplied by the switching frequency. Equation

However, as VDS is sinusoidally time varying, (5) 9 also incorporates, which is a measure of efficiency of the
needs to be adjusted accordingly in a similar fashion to (3): jsplated DC supply for the gate drive, VG in figure 5, which,
while load dependent, a typical value of 75% was found in
foﬂ/zm Eour(Vpsmax sin(wt))dt datasheets.

/2w

Eour,av = W=2Tf mains (6)

) ) ) . ) Poriver = 4Eprive,r fswitching /M (9)
This capacitance-voltage relationship is, again, non-

linear and inconsistent from device to device, but can be
approximated using a linearised relationship outlined in
Section 2. The total power can be calculated from the
single switching event loss according to (7), noting that loss
occurs during turn-off as well as turn-on:

2.5.2. Quiescent Gate Drive Dissipation

To calculate the quiescent power dissipation in the
gate drive circuit, the peak current requirement of the driver
must be evaluated. To find peak current requirement, the
maximum time to perform a single switching operation must

Pour = 8Eoyr,y, X fswitching(7) be found because faster switching requires higher peak
) o driver current.
2.5. Gate Drive Dissipation The turn-on behaviour of a MOSFET is show in

figure 6a. The device has turned on by timeThe time
A generic gate drive was modelled to derive an

expression for loss in the gate drive. Figure 5 shows the V. —
model used, with M1 being the power FET. The labels BERRE s
‘SYSTEM A’ and ‘SYSTEM B’ shown in figure 5 denote
where the main power FET connects to the rest of the
converter. For simplicity, an optocoupled solution with an
isolated DC-DC converter was used instead of a transformer
isolated gate drive. The losses in a transformer isolated gate
drive would be different, but the overall effect on converter
loss is unlikely to be large. This simplification does not
affect the validity of the comparative results of this research,
but it serves as an example of a way in which the exact 0t L ly
figures produced vary according to design decision. Time
a
Typical Gate Discharge Curve

Typical Gate Charge Up Curve

Vlmcsn

Gate-Source Voltage
%

VG,DRIVE
SYSTEM A ’

CONTROL =
—] Lo

} . RG

2 T

] Ja

OPTO SYSTEM B

Vinresh i

Gate-Source Voltage

Fig. 5. A Circuit diagram of the gate drive model 0

Losses in the gate drive are separated into two parts: Time
transient loss and quiescent loss. b
Fig. 6. Aplot of the turn-or(a) and turn-off(b) behaviour
2.5.1. Transient Gate Drive Dissipation of a typical MOSFET with respect to time, labelled wi

key values. This is real world data for the Fairch
Transient gate drive loss is calculated with reference FCH47N60.

to figure 4. The highlighted area under the curve is the

energy dissipated in the gaf&sare, while the product of the ~ before { is an exponential relationship dictated by between

drive voltage and the total charge is the total energy beinghe input capacitance & and the gate resistanceg. R

put in by the gate drive. Therefore, the transient energy lostBetween i and t is the Miller Shelf. As part of the gate

in the gate drive, i.e. the area above the curve bounded bglissipation calculations, the Miller Charge has already been

the gate drive voltage, is the difference between the two: ~ calculated, and with a given plateau voltage and gate
resistance the time can too be found.

4
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During the period O to:tthere is a classic resistor- 100 times the size of Rg. The quiescent power loss in that
capacitor exponential charge betweeg &d R, and in the  resistor would then be thexRVgs privé?/R1.

period  to & the voltage is fixed. The expressions in these There is also quiescent loss in the isolated DC-DC
two periods being: converter. While every device is a little different the loss
tends to be approximately 15% of rated output - this is

ton =ty + ty, included in the loss estimation also. Furthermore, losses in

VpLaTEAU the opto-isolator are due to the infrared LED inside, with

t; =—In (1 - —) -Ciss- Ry, drive current as high as 30mA3R Knowing that the LEDs
GS,DRIVE in each gate drive are on half of the time, and the drive
£ = QuiLier-Rg (10) voltage (taken as 5V here), this source of quiescent gate
2 VprarEAU drive loss can be quantified.

While quiescent loss in the gate drive is reasonably
Maximum switching time is calculated from the small and is understandably often neglected in the design of
resolution of the PWM occurring and the fundamental a converter, for multilevel converters of high order these
switching frequency of the converter. For instance, if the small sources of loss add up. For example, with four gate
converter is running at 100kHz switching frequency with 8- drives in each bridge, and with up to 25 cascaded bridges
bit PWM, the minimum time base is P#20ns, where T is considered in this method, that is quiescent loss in as much
the minimum time increment possible for an 8-bit PWM as 100 gate drives.
clock. An estimation of how hard the devices must be driven
to attain this speed is then easily derived from information 2.6. Diode Loss
readily available about the device and the application.
However, this method proved too restrictive, as many To Loss in diode conduction is to be evaluated,
devices that should have been capable were deemed to ®nsidering both forward- and reverse-conduction using
too slow - therefore the switching period constraint was both the body diode and external high performance diodes.
relaxed. This results in a more reasonable design constraintligh performance switching diodes have little or no reverse
but at the cost of slightly higher harmonic distortion. recovery, but are permanently in the conduction path,
The relationship between slower turn on/off and the thereby adding loss. Use of the body diode avoids this
increased harmonic distortion was investigated in literatureadditional burden in the conduction path but will have
both from the perspective of grid-tie inverter technology inferior recovery performance. Information on the
[18-20], but also from the perspective of switching time and performance of body diodes is limited, however.
dead time related harmonic distortion in class D amplifier The goal was therefore to find a method that
design [21,22]. This yielded no feasible method for permitted estimation of the relevant characteristics for the
predicting the harmonic distortion in a generalised case. body diode based on data that is available for the device. A
Increasing the switching period constraint by a factor literature review yielded nothing relevant, with existing
of three was found to yield credible results with respect toresearch focusingn ‘in-depth’ experimental analysis of
devices being capable of high switching frequencies or not,specific devices and die-level modelling rather than deriving
so a threefold factor was applied to the previously outlinedtrends from available information.
method. This is a worthwhile compromise for the generation An experimental investigation was conducted where
of this generalised, comparative metric. the body diodes of a number of MOSFETS (see Appendix B)
Equation (10) shows how to calculate the turn-on were characterised, and the parameter trends with respect to
time. The turn-off time is computed similarly, though as can maximum drain-source voltage rating and maximum
be seen in the discharge curve in figure 6vill be different continuous drain current g¥80°C) rating were evaluated.

due to a larger voltage swing occurring. The edge condition To decide upon the quantities to be measured during
for this being: this characterization, the model for loss must be considered.
The model consists of two parts:
(ton + torr) X (1.2 X taeaa) e power loss due to free-wheel conduction while all four
— (11 switching devices in a bridge are off,
fswitching X 2NPWM res e power loss as the diode experiences reverse recovery.

To facilitate these calculations, the 1-V curves were
traced and the reverse recovery charge v@s measured.

I-V curves were traced using a Keithley 2612A
sourcemeter up to a sufficiently high current to enter th
A ) ohmic region. As a result, the diode was modelled as
the gate drlye is then calculate_d from the gate resigtani forward v%ltage drop with a series resistance. This is a
the peak drive voltagedéorive, i.€. hiax=Vaes oriveRy. reasonable approximation as the behaviour of the diode near

To calculate the quiescent loss of the gate driver fromy, = ctance threshold is unimportant to the loss model,
the peak current requirement requires inspection of the

circuit diagram in figure 5. A key source of quiescent loss is as it will not operate there.
Rs, its value being related to the gate resistor by the gain of Reverse recovery charge was measured using a

L : ’ custom testing platform which rapidly transitions a diode
the main drive transstorlend Q. For _example, if Q1 and from forward biased to reverse biased and measures current
Q2 were to have a nominal current gain of 100w8uld be

flow over time during the reverse recovery period. These

The sum of turn-on and turn-off timesntand brr,
with the addition of the dead timaeds(inflated by 20% as a
safety margin), permits the calculation of the require gate
resistor, B (see figure 5). The peak current requirement of

5
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tests were performed on a set of 60 devices with a range of Calculations for the use of high-performance external

current rating and voltage ratings (see Appendix B), afterdiodes are easier due to the lack of reverse recovery, but it
which the data was analysed to find the trends in the datamust include the power dissipation due to additional diodes
The best fit between performance and voltage and currenplaced in the conduction path. The diode considered for
rating was found and is documented in equations (12)-(14)these calculations was the Vishay ETH3006 hyperfast-

While these predictions have some error, with a standardrecovery 30A power diode.

deviation as high as 0.8 of the mean, they offer a method for

calculating a first order approximation of body diode 3. Results

performance.
3.1. Silicon Devices
log;(Qrr(nC))
= 0.86310g1¢(Vpsmax(Volts)) As outlined at the beginning of section 2, all the loss
+ 0.58510g10(Ip yax(Amps)) estimations will be combined to give a figure for total loss,
—~2139 (12) and then the device with the lowest total loss is found for a
given set of conditions. Initially, only silicon power
MOSFETs are considered. Figure 7 shows the resultin
Vo rwp(Volts) = _0'0659lOglo(ID'MAX(AmpS)) optimal devices for a range ofgconverter order values at g
+0.754 (13) switching frequency of 10kHz, representative of a low but
credible switching frequency (many modern, higher power
Rp on(Ohms) = 0.0303loglo(VDS,MAX(Volts)) rated converters may run as low as 4kHz). The total bar
+ 0.0746 (14) height shows the total power loss for the optimal device

selected, the far left of these points being for a converter
Calculating energy dissipated in the body diodes consisting of a single H-bridge, with multilevel converters
during dead time is trivial, as RMS system current and deacof increasing order towards the right of the figure. The
time already having been defined, also accounting for twocontribution of the specific sources of loss are represented

diodes conducting in the bridge every cycle. by the colour-coded bar breakdown.
Perhaps surprisingly, our analysis shows multilevel

converters can have lower total loss than a conventional
single full bridge despite having many more devices. At the
relatively low switching frequency of 10kHz, on-state
resistance dominates the loss in the converter due to fewer
switching operations occurring per unit time, and lower
rated voltage devices that may be used in higher order have
sufficiently lower on-state resistance that total resistance in
the conduction path is lower despite there being many more
devices in series. In figure 7, for example, the lowest loss is
achieved with ten cascaded bridges making it optimal in that

Pp geaa = 2IRMSVD,de X tgeqad X fswitching (15)

Energy dissipation during reverse recovery is more
complicated to evaluate. It occurs as a result of a pulse o
current that passes through the bridge across the DC link
the diodes permitting back conduction and effectively
shorting the bridge until the reverse recovery charge is
depleted.

While there is a more exhaustive method that permits
calculating the power dissipation in each element of the
system (diode, FET or DC link) which does depend on regard.

numerous parameters such as battery resistance anf" F(;gures 7|'9 alsofhave a gggt 2\/051(|)L(1)e (o_rt1||n§ unit C(;St
inductance, only total power dissipation during diode or medium volume or some y units in- pounds

reverse recovery is relevant in this study. The total diodeStert“n%J tlrr\] NI\?I)\C/)eSrTIltI)E(?I'r 2.016) re_prtehsentatlvetof.only tthe ttc_>tal
reverse recovery energy is the product of the reversetOSt Of the S In use In the converter; construction,

recovery charge and the voltage across the link (16). passive component and gate drive costs are neglected. It
shows not only that power dissipation can be lower, but

device cost need not be much higher and, indeed, is
X fswitching (16) sometimes lower. Cost is not a parameter in the optimisation
N due to the difficulty in evaluating the total system cost from
arbitrary parameters.
Figures 8 and 9 show the same type of relationship as

Vpc
Pprr = 2Qrp X ——

A separate pair of high performance Schottky (or at

least rapid recovery) diodes one in series with the fi P . P
. gure 7, but at switching frequencies of 80kHz in figure 8
MOSFET and one in parallel for free-wheels commonly nd 600kHz in figure 9. The maximum power dissipation in

uged as an altern_at!ve to the bady diode. These externzﬁ]e converter for under any optimal condition at 10kHz is
diodes assure _negllglble power IOSS? due t(.) reverse re':O\.’eryapproximately 80W, whereas the at 80kHz it is above 120W
at the expensive .Of placmg two diodes n the cqnductlonand at 600kHz it is almost 450W. This is not unexpected, as,
path for each bridge. This means that, in a high orderWith more switching operations per second, there is more

of reverse recovery performance mav be outweiahed th %nergy to be dissipated per unit time from almost all sources
. Yy p Y veign .ergexcept on-state resistance and quiescent losses).
cost in terms of power loss of the numerous series diodes i

the conduction path otherwise.
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Variaition in Minimum Total Loss in Cascaded H-bridge Multilevel Converters at 10kHz
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Fig. 7. Minimum losses displayed as both a total value and its componets, pvith respect to increasing number
cascaded H-bridges at fs=10kHz.

The results at 80kHz (in figure 8) have similar as great an extent, most of the optimal devices remain the
implications to those at 10kHz (in figure 7), namely that a same form 10kHz to 80kHz. Transient output loss and gate
single H-bridge is not the lowest loss solution. All result setsdissipation in all cases is very low - the only devices that
have the same distinctive discontinuities because lowerhave significant loss in these areas are some older, higher
voltage rated devices become viable with higher ordervoltage rated devices that are quickly optimised out,
multilevel converters. In the 80kHz case, like the 10kHz particularly at higher switching frequencies.
case, the on-state resistance still dominates, and while not to

Variaition in Minimum Total Loss in Cascaded H-bridge Multilevel Converters at 80kHz
T T T T T T T T T T T T T
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Fig. 8. Minimum losses displayed as both a total value and its compoaets, pith respect to increasing number
cascaded H-bridges at fs=10kHz.
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Variaition in Minimum Total Loss in Cascaded H-bridge Multilevel Converters at 600kHz
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Fig. 9. Minimum losses displayed as both a total value and its compoaets; pvith respect to increasing number
cascaded H-bridges at §60kHz.

Figure 9 shows a more extreme case in terms of highfiltering requirements for noise injected in to the power
switching frequency and has a notable outlier at the singlenetwork.
H-bridge mark, with vastly greater power dissipation than Interestingly, under all conditions shown, the optimal
any other case. The device in question, the solution was the use of the body diode rather than external
STMicroelectronics STW62N65M5, would require a very high-performance diodes. This is thanks to the significant
high performance heatsink to avoid thermal destruction.power loss in the multiple diodes (two per bridge) in the
This demonstrates that multilevel converters can be muchconduction path at any one time in the use of external, high-
more practical at higher switching frequencies. While speed diodes. The power loss due to diode reverse
operating at higher switching frequency does have aconduction during recovery and worsened free-wheel
detrimental impact on converter efficiency, with higher loss performance in the use of body diodes is smaller, even at
across the board at 600kHz than 10kHz, it could enable thdower converter order.
construction of much smaller converters with much reduced

Optimum Device for 2 Cascaded H-Bridge Converter Optimum Device for 3 Cascaded H-Bridge Converter
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Fig. 10. A series of figures each showing the on-state resistance (blue) pacitaace (orange) figures for the optimu
device at a specific number of cascaded bridges with increasing switching frequency.
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Figure 10 shows that for a given number of cascaded Table 1 shows that the SPICE simulation results are
bridges, with increasing switching frequency, devices with broadly similar to the results of the proposed method. This
lower capacitance values tend to be selected at the expensdfirms the validity of the new method, despite its access
of higher on-state resistance. This is as one might expect. only to the relatively coarse information available on any

Overall, the results show that more levels in a device datasheet.
converter can lower the overall losses and that multilevel
converters can make higher switching frequencies much  3.3. Advanced Power Switching Devices
more accessible, with the silicon devices available.

The analyses so far have only considered silicon
3.2. SPICE Validation MOSFETs, but there are other options. The seemingly
obvious use of IGBTs, very common in industrial

While the individual assumptions used in this paper applications, can be eliminated as an uncompetitive option
have been validated, the overall results are also validatedor this specification. Firstly, they are only relevant as a
using SPICE. A small, random selection of devices werecomparison at a single bridge, not only due to lack of low
modelled at various conditions using LTSpice with voltage rated devices, but also because their conduction path
manufacturer device models. This validation uses a selectiolloss is from collector-emitter saturation that is fairly
of device ratings and product ranges. Infineon manufactureiconstant rather than an on-state resistance which reduces
SPICE models claim to have been validated while otherwith lower voltage rating, resulting in prohibitively high loss
models do not come with such claims; however, they arewith numerous series devices.
presumably reasonably accurate. Even under the most favourable conditions they are

Figure 11 shows the SPICE model used in the also not competitive with modern MOSFET devices at this
validation of the one of the devices under a certain set olpower level. Our preliminary analysis showed that in the
conditions. V2 represents maximum voltage across therange of 100A load current and above, loss in power
device with R2 used to limit current to emulate the real MOSFETs and IGBTs is approximately on parity, with
system. The value for the gate resistor R1 is derived usindGBTs even winning out at lower switching frequencies.
the method outlined in this paper. However, in the 6kW power range specified for this

converter, using a slightly modified form of the loss
V2 assessment method described in section I, MOSFETs are
R2 ) yt always optimal.
T { } Another obvious class of switching device to be
0.958 - N= A analysed are silicon carbide (SiC) power FETs. A number of
‘ ) 25 these devices were added to the database. It was found,
\ : however, that they never featured as optimal devices, but
R1 ‘ M1 instfead_coré%zt\tlantlyd %eoréc\m/rm_el_d sinl\wllilce)tg)'/: Et_lc_) tTe poorly
performing an silicon s. It appears
[ w1 '\ | BSZ042NO4NS that at the 500V and 600V markthe lowest range of SiC
Al 16.468 device ratings and the top end of Si device ratings in this
{ ] analysis- SiC power FETs in this power range are no better
= than their silicon counterparts, apart from higher

| PULSE(0 10 5u 2“? 2n5 5u 10u) temperature tolerance. At higher voltages, 1200V and

.tran 0 1m 0 2n5 uic beyond, conventional silicon devices are largely surpassed

by SiC devices.
Fig. 11. SPICE model used in validation of Infinec The dataset was extended to include a small selection
BSZ042N04NS of GaN power switching devices. GaN power devices rated

Some variation is to be expected, particularly at to vpltage an(_i current levels appropriate to thi; applicati_on
higher frequencies, as the SPICE models include device gat@'® just reaching the market. The data for a series of devices
resistance within the device, whereas this paper considers amanufactured by Efficient Power Conversion (EPC),
gate resistance as being external to the device, in addition tSPecifically their 8 and @' generation eGaN series devices,
other small differences. A comparison of the results from Was added to the dataset for comparison (see Appendix A).
both the method outlined in this paper and SPICE are showr!t was shown that these devices can enable very significant

in table 1. reductions in power dissipation, as seen in figurel2.
Device Name Switching No of Cascaded New Method SPICE Prediction | Difference
Frequency (kHz) Bridges Prediction (W) (W) (%)
Infineon BSCO76NO6NS3 250 6 71 69 2.7
Infineon BSC320N20NS3 400 3 168 146 13
Infineon BSZ042N04NS3 100 10 63 64 1.6
Infineon BSZ0904NS1 20 14 81 91 12
Infineon IPDO53NO6N 500 5 48 37 22
Infineon IPP200N15N3 40 2 61 61 0.3
Infineon IPP320N20N3 800 4 229 184 20
Infineon IRFZ44N 250 8 268 234 13

Table 1. A comparison of results from the proposed method alongside Ssti€iation results.
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Total Loss in Cascaded H-bridge Multilevel Converters at SDDkH§
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Fig. 12. (a) System switching loss plot for 500V DC link at 500kHz considering onlyetional silicon devices.

(b) Includes EPC's eGaN power devices.

This analysis was performed over a range of numberdisadvantages that are beyond the scope of this analysis -
of switching frequencies and it was found that these GaNincluding cost. A transistor to be used across twenty
devices could have up to 84% less loss than conventionatascaded bridges is significantly more than one twentieth of
silicon — observe the difference in loss for two to eleven the cost. Furthermore, there is an increased quantity of
cascaded bridges figures 12(a) and 12(b). However, this is asupport circuitry (e.g. gate drives) needed and a more
the expense of significant additional cost. The higher ordercomplex controller.

converter loss results are unaffected due to the lack of very
low voltage rated devices in EPC’s eGaN series, just as the

5. Conclusion

one bridge result is unchanged due to the lack of higher This analysis has produced a quantitative method for
voltage rated eGaN devices. A full method and more comparing the power loss in low voltage cascaded H-bridge
extensive results can be found inJ24 multilevel converters over a range of switching frequencies
and also over a range of number of cascaded bridges in the
converter. While only considered for a medium power grid-
tie bidirectional battery energy storage system, the method

4. Discussion

At low switching frequency, the conventional

wisdom that a single bridge solution is best. This is not truecould easily be adapted for any cascaded H-bridge
where losses are critical. The wide availability of lower multilevel converter and, with some additional work, other
voltage rated devices might be worth the increased numbeconverter topologies too. The tools developed for the
of devices placed in the conduction path thanks in a largeprediction of silicon MOSFET body diode performance are
part to their much lower on-state resistance. So, critically, itlikely to be useful over a wide range of applications also.
is not just that the lowest loss solution is a multilevel The results of these analyses help to strengthen the case for
converter for some conditions, but for all conditions within multilevel converters as not only a way of achieving some
the scope of this study. Furthermore, the ability to operate aspecific novel benefit, but also having lower power loss and,
much higher switching frequencies without prohibitive by extension, increase converter efficiency.

power loss bodes well for a potential increase in popularity

of multilevel solutions. This is particularly true when 6. References
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7.2. Appendix B

List of all silicon MOSFET devices used in diode

characterisation:

AUIRF1010 IPP200N15 IXFL210N30
AUIRFP4409 IPP320N20 MDP1921
BSC076N06 IPW60R041 MKE38RK600
BSP318S IRF3315 NVTFS5811
BSZ036NE2 IRF530N PSMN1R2
BSZ042N04 IRF640 RFD14N05
FCH47N60 IRF740 S14840
FDBL86210 IRF7493 SPP20N60
FDL100N50 IRL8113 SQD50N05
FDMS86255 IRF840 SQJABGEP
FDN359AN IRFB4227 STP16NF06
FDN8601 IRFML8244 STP55NF06
FDU3N40 IRFP064 STY145N65
FQA44N30 IRFP4229 TK40A10
IPA65R280 IRFP4668 TK49N65
IPB034N03 IRFS7734 TK72A12
IPB65R045 IRFU224 TPCA8026
IPB65R660 IRL2703 TPCA8048
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