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Abstract—The concept of primary tapped transformers is newn
high frequency power electronic converters. This pagr evaluates
a new converter topology which has been developed implement
a high frequency primary tapped transformer. It is shown that
this topology can maintain a load voltage for a mut wider
source voltage variation without major sacrifices m efficiency.
The effect of efficiency with variation of source vitage and duty
cycle as well as the power quality of the converteis analyzed
experimentally. This new topology is evaluated in tens of
complexity, capability, feasibility and reliability. The power
quality aspects are also addressed. Possible encerssof such a
topology design are also taken into consideration.

Index Terms—High frequency converter, primary tapped
transformer, variable voltage source, converter toplogy.

. INTRODUCTION

On-load primary tapped transformers are commonsdus
for voltage regulation of low frequency power syste
applications as shown in [1] and [2]. On-load priyntapped
transformers are not common in high frequency cdake
High frequency power electronic converters oftemplament
transformers not only for electrical power transfation, but
also for isolation. The secondary or output voltegearied by
adjusting duty cycle. This adjustment of duty cycén reach
its limits for a wide variance in input voltage nvak it unable
to sustain the correct output voltage through dytle control
alone. The efficiency of the converter also charagethe duty
cycle is varied. A novel topology has been propded@], [4]
and [5] to solve this problem for isolated conveste

This new topology is included in this paper for the

convenience of the reader in Fig. 1. This papel gvaluate

the converter in terms of power quality among othgpects.

The feasibility of the converter shall also be di&ged. Possible
uses of such a topology as well as possible aptjglitcg where

this topology will not be well suited, shall alse Giscussed.

II.  COMMON PROBLEMS WITH ISOLATED CONVERTERS

Converters are often designed for specific appdioat
Different topologies have been optimized for usdliffierent
applications. The power quality and feasibilitytoé converter
is often the deciding factor for the final soluti@s well as the
cost.
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One of the key design parameters before decidingaon
topology is to consider whether isolation is regdir The
topology considered in this paper is electricalgolated
through a transformer. lIsolation is important foower
electronic converters to ensure that sudden changehe
system are not reflected throughout which can dantagtly
components and control systems.

Wide variance in source voltage is a common problem
renewable energy generators. This is a common igstke
renewable resources as an alternative power sofore
electrical energy conversion. Continuously changiveather
conditions will vary the available resource of eyesuch as
solar panels and wind generators. This varies #eemgted
voltage. The generated voltage needs to be redulatesl
stabilized in order to be synchronized to a gridhwather
electrical power sources. To accommodate this negias well
as having the ability to stabilize and regulatewtbkkage, power
electronic converters are used as discussed ifi7[6][8]. The
topology evaluated in this paper can accommodateide
variance in source voltage and still maintain astam DC
output voltage [9].

Topologies are constantly being modified, but the
component count is a major cost factor for the iappbn.
Modifications can mean that extra components ageired,
thus increasing the overall cost. The topology ulised in [5]
boasts that fewer components are required for tdpslogy
layout than for a similar converter which can achithe same
specifications. The topology evaluated in this papas not
optimized in [4] or [5]; the design was introducaad proven
to operate experimentally, thus allowing the opyaty for
further investigation.

The topology design is evaluated in this paper emguhat
it is in fact feasible and worthy for further intgstion. A
short explanation of the new three phase arm ctawer
topology is discussed next for the conveniencehefreader,
followed by an evaluation thereof.

lll.  NEwW THREE PHASE ARM CONVERTER TOPOLOGY USED
FOR SWITCHING A HIGH FREQUENCY ISOLATED CONVERTER

This new converter topology consists of three plases
as indicated in Fig. 1. This converter is able ¢bieve three
different winding ratios with only two primary wiirds.



Switches S7 and S8 are the key components that #iis
converter to achieve this. The center switches 187 38 in
series with the primary taps in Fig. 1 must be Higlgquency
bi-directional switches. The reason for requirifgese bi-
directional switches is to prevent short circuinditions via
body diodes and is discussed further in [4].
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Fig. 1. Novel three phase arm topology for highyfrency primary tapped
transformers

A simple high frequency bi-directional switch caaminade,
as found in [10], by using four diodes and a stathdldOSFET
as shown in Fig. 2. A high side or isolated gateedshould be
used for this bi-directional switch.
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Fig. 3. Switching scheme for primary taps using¢hphase arm topology

The operation of the converter topology is sumneatin
Table I. The variable “D” in Table | is the dutyaty of the
converter. The duty cycle is a maximum of 0.5 fbist
topology similar to a full bridge converter.

TABLE |: LOGIC TABLE DEMONSTRATING SWITCHING STAGES

Fig. 2. High frequency bi-directional switch

A. Operation of the new topology
The operation of this topology is best describeith Wig. 3.

To achieve the step up winding ratio, consider F¢n).
Switches S5, S6 and S8 are to remain open cirSiitis to
remain closed circuit and the remaining switchels, &, S3

and S4 are modulated as a normal full bridge caererhis
will activate N1 (and remove N2) and will act asansformer
with N3 with winding ratio of 1:2.

Consider Fig. 3(b), the one-to-one ratio is simjlarn

Tap
Desired Modulated Switches Selgction Transfer
Operation Switches Function
S1 S2 S3 S4 S5 S6 514 S8
Step-Up
Fig. 3(a) Vour N1
NLN3 1 1 1 1 0 0 1 0 T 2D 3
1:2
One to
One
) Vour _ . N2
Fig. 3(b) 0 0 1 1 1 1 0 1 T 2D 3

N2:N3
2:2

achieved by keeping switches S1, S2 and S7 opeumtciB8 is
to remain closed, switches S3, S4, S5 and S6 arerttodulate

in full bridge converter mode. This will activate2Nand

Step-
Down v
Fig. 3(c) 1 1 0 0 1 1 1 1| Z-2p
N1+N2:N3
3:2

remove N1) and couple with N3 to form a windingaaif 2:2.

Finally Fig. 3(c) shows that the step down ratiadéhieved
by keeping S3 and S4 open circuit and S7 and S®dldrhen
switches S1, S2, S5 and S6 form a full bridge cdevevhich
then forces N1 in series with N2 to couple with Wiich act
as a transformer with winding ratio of 3:2 (N1+N23)N

This switching method can easily be automated with
microcontroller. The control is more complex thdmattof a
normal full-bridge converter in the way that monsitshes
need to be controlled simultaneously. The switcluntois
however lower than the case where separate fulgbs were
used to switch separate transformer primaries scused in

[5].




IV. EVALUATION OF THE NOVEL PRIMARY TAPPED
TRANSFORMERIN A HIGH FREQUENCYISOLATED POWER
CONVERTER

The operation of the novel three phase arm convesds

1) Efficiency:
A relatively high efficiency can be maintained withis
topology. The prototype that was experimented witfb] was

been explained. The converter is now evaluated ewhil® low power design. With some optimization of tlesign, this

considering the operation aspects of the converter.

A. Evaluation for DC source voltage:

The ability for the converter to maintain a const&t
output voltage is considered next. The resultsiodtafrom [9]
are shown in Fig. 4.
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Fig. 4. Electrical power efficiency plotted agaiastaried source voltage

The results of Fig. 4 indicate that this converteable to
maintain a constant output voltage for a wide ver@ain
source voltage without dropping below efficiency 5f%. A
better explanation of Fig. 4 and Fig. 5 can be tbim[4]. The
topology was not optimized for any specific opemati The
design can possibly be optimized for specific opega
regions, making it well suited for specific apptioas.

As with most converter topologies, when operatetbwat
duty cycles, the efficiency is decreased. Thisoiglifferent for
this topology as can be seen with Fig. 5. At lowydtycles,
the efficiency of the converter is low. This occatsall of the
tap change possibilities. As expected with the-stepvinding
ratio, the converter efficiency is lower for alltgicycles. This
is because the higher current flows through themany
winding and switches, hence the losses in the bestc
increase.
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Fig. 5. Electrical power efficiency plotted agaiastaried duty cycle

topology can be implemented into high power corerert
applications.

Similar to any power electronic topology, the tyggower
switches used can be changed to any sort of powigching
device, depending on the application and the disiatching
frequency. The switching devices require an antalpel diode
for free-wheeling currents.

The high frequency bi-directional switch inhereribs two
diode volt drops per half cycle when under openatichis will
contribute a great deal to the overall losses efdbnverter.
This bi-directional switch should be replaced wiahmore
efficient bi-directional switch, or low volt dropiaties should
be used to minimize the losses in that relevanteotirpath.
This can limit the maximum power capability of tbenverter,
because higher current flowing through these diodesns that
the diodes themselves will also require a heat sink

2) Output voltage stability:

The output voltage can be maintained for a widéawae in
source voltage. There are still upper and lowetag@ limits to
which a specified output voltage can be maintainéd.
converter can be designed to accommodate the saumees
voltage limits and still maintain the output vokagbut the
efficiency will be sacrificed. This aspect makess thrimary
tapped converter topology more attractive for higbwer
conversion.

The converter setup was only tested with a predantiy
resistive load. The effects of inductive or capeeitioading
were not investigated.

3) Complexity of converter:

The complexity of a converter may determine itfulsess
and feasibility. Complex converters often have clexp
problems and these problems can take longer t@ schusing
longer downtime. Thus a simpler converter is oftansen for
power conversion in industry.

The control of this converter is similar to that affull
bridge converter. The main complexity of the cohti®
synchronizing the additional switches. Additionainplexity
that is introduced is the voltage sensing and rspeeifically,
when to switch between primary taps. This is ingidawith
the vertical lines added in Fig. 4. The feedbackiisilar to
most measurement setups for the control of powettreinic
converters. The complexity of a converter requitgghly
skilled personnel.

4) Cost of converter:

The key limiting factor when designing a conveiitethe
cost. The components that contribute greatly tootheall cost
are:

+ Power semiconductors and rectifiers

e DC bus capacitors

* Magnetic component

*  Microcontroller



* Heatsink

A total of 8 semi-conductor switches are required this
converter topology. In order to make a cost congoau;i this
topology must be compared to a converter or poweply
which can achieve the same operation. This has tese in
[3] and [4] where it was shown that this three ghasm
topology requires fewer switches when compared fmwaer
supply which can achieve the same operation. Thihave a
relative reduction in the cost of such a topologyshould be
noted that although fewer switches are requireglntimber of
rectifiers depends on the type of rectificationsgm

Heat sink cost depends on the efficiency and alddeva
operating temperature. Since this converter is thigerate at
a higher efficiency range, this could imply lessatheink
material is required. Although, the correct setectof semi-
conductor switches and gate drivers will play géarole in the
required heat sink size as well.

In [4] and [9] it was experimentally shown and peovthat
this converter topology requires less overall
capacitance when powered from a rectified AC vatagurce
as discussed in the next section. Less requirectépacitance
can imply a reduction in the cost as well as ttme sif the
converter.

A primary tapped transformer requires multiple pign
windings, implying that for the same power ratirgjlarger
magnetic core will be required to fit the extra diimgs. The
cost of the main magnetic component will increasealse of

the extra copper that must be accommodated. A rlarge

magnetic core has the advantage of not being abdaturate
easily, but its disadvantage is that the leakaghidtance,
losses as well as the magnetizing current are thare that of
a smaller core.

The chosen microcontroller will have to be more ptar
and will thus cost more. The microcontroller casoabe used
for any auxiliary circuitry that might want to belded. In
which case having a single more complex micro aassiply
be beneficial.

5) Robustness:

The circuit can only be as robust as the desiginoagh the
fewer the components, the less that can go wrdrle Icircuit
is designed well and the components are overraiedheir
specification, the converter will be robust. It slibbe noted
that this topology is able to operate at a relétivieigh
efficiency. Hence less strain will be placed on $watching
semi-conductors which could increase their expelifiespan.

This possible increased lifespan can make thisléggo
more reliable for certain applications where thenvewter
offers critical voltages that need to be maintained

B. Evaluation for rectified AC source voltage:

DCs bu

The source voltage waveform is sinusoidal, butsiherce
current is not. The source current changes becafutiee tap
change between the primary taps of the transfotmezgulate
the output voltage. Between certain voltage lewdifferent
primary tap winding ratios are used to regulate dput
voltage. This tap change causes a sudden changeunce
current is shown in Fig. 6.
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Fig. 6. Source voltage and current waveforms ottinee phase arm converter
when powered from a rectified AC source voltage

The power quality of the converter will be simitarthat of
any full bridge DC-DC converter if it is fed from2C voltage
source because of its similar operation. The payuality of
the converter when fed from a rectified AC voltagairce is a
different matter and must be evaluated.

1) Power quality

The power quality of this converter to this presement
has not been evaluated other than in [9]. The iiefs used
are in accordance with the IEEE 1459 standard [Rbjver
quality aspects which are analyzed in this paperaty those
of fundamental power factor, total power factor atodal

harmonic distortion of the current. The voltageassumed to
be fairly sinusoidal and any THD is assumed nelglégi
compared to that of the current.

Power quality is an important specification of gmywer
converter. In order to fairly analyze the power lgyaof the
three phase arm converter, it will be measured nayaa
standard rectifier and capacitor setup commonlyd use the
input stage of AC-DC converters. This common setsip
normally what causes the main non-linearity, in therent
waveform as shown in Fig. 6, which decreases theepfactor
and power quality.

The power quality is determined by analyzing therse
power, namely the voltage and the current. Thecgouoltage
and source current waveforms for one period areated in
Fig. 6. The fundamental power factoPF(), is expected to be
close to unity because the converter operationeforthe
current to be drawn from the source closely in phaih the

The three phase arm converter can also be fed avith voltage. The source current waveform seems to bghase

rectified AC voltage source as explained in detai[4]. The
rectified waveform can be fed directly to the cateeand no
DC bus capacitance is required on the input.
capacitance is only required on the output. LegsalvDC bus
capacitance is required for this converter setup.

with the voltage waveform.
It is clear from the time domain representation tio¢

DC busurrent waveform of Fig. 6 that the current wavefaontains

harmonics. This will decrease the power quality tbé
converter. The harmonics are introduced duringdpechange
between the primary windings. Since the windingorahanges



TABLE Il: Power QUALITY MEASUREMENTS OF THE THREE PHASE ARM
CONVERTER TOPOLOGY

at every tap change, the current drawn from theceois also
forced to change. This disruption in the sourceresur is

represented by the peaks in the current waveforthentime Method | Numerical Analysis Fluke 41B Erich | YOKO-

domain. Marek | GAWA
The power quality and the total harmonic distortivere Setup (Sﬁ}) THD, | PF\ PF, | THD, | PF | PF PE

measured using three methods in [9]. The first powe [geal 1 0 1 1 0 1 1 1

measurement was done using numerical analysis en [threcifier

captured waveforms. A Discrete Fourier Transforrpwas and 082 | 88.5%| 06 085 74% 0fy 074 0.73

also used to numerically determine the fundameptaber | Capacitor

factor. The captured waveform was then exported ir Coﬂ\%vrter 0.962 | 109%| 0.7\ 0902 58% 08 0723 0.64p

MATLAB SIMULINK powergui toolbox where the Total

Harmonic Distortion (THD) and the power factor were

determined. An Erich Marek power meter was usee. Hiich 2) EMI:

Marek is a fairly old instrument, but is known te lguite

Under DC source voltage conditions, the THD istheme

accurate because of its thermal measurement mettiod as that of any other switching converter and comrid

measuring power. The next set of results was obdaimith a
Fluke 41B power harmonic analyzer. This devicetidigs the
signal and then determines the fundamental powstorfathe
THD and the total power factor.

The final measurement instrument used to deterrthire
power quality was a Yokogawa 2533 digital powerenethe
Yokogawa also digitizes the measured signals atetdaes
the power factor. The results are expected to bagause of
the difference as well as the tolerance of thestteners within
the measurement instruments used. The resultsidicaied in
Table Il. In order to analyze the results and makeful
conclusions, the results for the new convertecampared to a
standard rectifier and capacitor setup found onirihat stage
of most power electronic converters. The same AGage
source was used for all experimental setups; this done in
order to maintain consistency for the different sueaments.

Firstly the ideal case is indicated in Table Il.eTlieal
scenario is when there is no phase difference legtwbe
source voltage and current, and both are sinusoided AC
voltage source was then loaded with the rectiffet @apacitor
setup as discussed above. This setup was loadéaasdhe
same RMS current drawn from the source is simitathiat
which is drawn from the three phase arm convefithis was
done in order to create a setup to which the pauetity can
be compared.

The results in Table Il clearly indicate that tkledamental
power factor of the three phase arm converterosetito unity
than the rectifier and capacitor setup. The regaitshe power
factor show inconclusive results. This is becaulse gower
factor results obtained do not indicate any cometugesult in
the total power factor. This would not have beeticed if only
one measurement instrument was used to determingatier
quality. The bandwidth limitations of each instrurh@eed to
be taken into consideration.
measurement transducer tolerances of each insttumilealso
cause the variance in the measured results.

Regardless of the exactness of the measuremeigts|éar
that this converter and its topology hold usefuieptial. With
more attention and optimization of the design, ¢baverter
can be useful.

filters can be used. When powered from a rectifi€isource
voltage, the converter introduces harmonics in soerce
current. This high concentration of harmonics vgénerate
EMI. This high EMI is unwanted in any power eleciim
device. A comparison of the amount of THD of diffier
common converters can be found in [12]. It is showat these
common converters can be adapted to perform poactorf
correction. This three phase arm converter unfaittlp will

cause harmonics because of its operating method Th

magnitude of these harmonics can be reduced byniziig
the design.

This EMI generation will be common to both thisetbr
phase arm topology as well as the topology to whicls
compared in [4]. The operating principle of adjngtitaps
consecutively and repeatedly is the root caushisfEMI. The
concept of primary tapped transformers is intengstibut
requires more research before it is feasible famrmercial
applications. The EMI of the topology can be rediuaad the
power factor improved with future work on the topgy.

V. CONCLUSION

It is difficult to properly evaluate such a conegrtThis is
because there are no other primary tapped highudrexy
converter topologies to which this converter carcbmpared.
High frequency primary tapped transformers in iwalgoower
converters are not common in power electronic cdewe
Thus to evaluate the design, one can merely adi@nd
identify the negative aspects, and possibly theravgments
required.

This three phase arm converter is well suited wiead as
a DC-DC converter. The results indicate that thosverter
performs well and is able to maintain a constant @Eput
voltage with little variance in efficiency for a dé variance in

The voltage and ctirrersource voltage. Thus a possible application fohsuconverter

is for renewable energy. The continuously varyirmeyated
power can be stabilized using this converter desmaller
installations of renewable energy resources (solawind
generators on boats for example) can use this camvas a
voltage and power regulator and stabilizer.

This power supply works well when supplied from & D
input voltage or for wide but slow-varying DC vajes. Any
large step changes in the source voltage will tesul




harmonics generated at that step. The switchingsitians
between the different primary taps generate harosonthis
generated a lot of EMI and reduced the power qualitthe
converter.

When the converter is fed from an AC source, theguo
quality is not good. This is because of the comtiruswitching
of current drawn from the source. The power quagywell as
the power factor of this converter must be improifatiis to
be fed with a rectified AC voltage source. Althoubk overall
required DC bus capacitance is effectively reducts
converter has a bad power quality, as with any rogimailar
converter.

The concept of implementing tapped primary tramsgms
in high frequency DC-DC converters has successfoégn

illustrated. A wide source voltage variation can be

accommodated by simply switching to the correspandi
winding ratio that will yield the maximum efficiepc The
output voltage can be regulated easily with closedp
feedback implemented into the system.

Further research is presently being done into tdssipility
of using this topology and switching strategy tqiove the
power quality of these converters when fed from f\@plies.
This implies reducing the THD of the converter. Wayf
adapting this topology for potential use as a povetor
correction front end converter are also presentbind
investigated.

The converter is still new and requires modificasio
expansions and experimentation before it becomesatare
and reliable topology. This converter has poteraia should
be investigated further.
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