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Matrix Transformer Building Blocks for High Frequency Applications
Outline of the presentation
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Matrix Transformer Building Blocks for High Frequency Applications
Brief history of the matrix transformer

* The first Matrix Transformer patent issued in 1985.

* The tutorial “Matrix Transformers and Symmetrical Converters” was published in
1990. Itis on line at http://fmtt.com/pdffiles/Tut2.pdf

* Now, all of the original patents have expired and that IP is in the public domain.
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Matrix Transformer Building Blocks for High Frequency Applications

Conventional transformer vs. matrix transformer

Comparison:
5:1 wound transformer 5:1 matrix transformer.
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Matrix Transformer Building Blocks for High Frequency Applications

Matrix Transformers

While the 5 core transformer looks more complex, it isn't.

The cores usually are simple gap-less toroids or “squareoids”, and most windings
are simple “U” turns.

No gap. L
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Matrix Transformer Building Blocks for High Frequency Applications

Math principle, converting one core to many

Example: Convert a 5 turn inductor to a 1 turn inductor:

H = AZ*I x+/2; To have the same H with one turn, |, must be 1/5%.

e

L =N?x%pug* U, * /li; To have the same L with N2 =1 and I, = 1/5™,

e

A, must be 5 times.
If the (I)—l; ratio is kept the same, with I, = 1/5" and A, = 5 times,

the core height ht must be 25 times.

The core volume V, Is unchanged
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Matrix Transformer Building Blocks for High Frequency Applications

Examples: “"“’*TWF I
Spiral equivalent .““ “““ “ “ ““'

Inductor
| U-turn equivalent inductor

L uH Q Witg
5-turn 1.81 3.29 196
U-turn 1.82 3.27 156

,, Spiral 1.79 3.54 156
5 turn inductor
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Example with multiple turns

A 20-turn inductor can convert to a 4-turn inductor exactly the same way.

ol

L, uH Q WL, G
20 turn 59.2 7.83 185
4 turn Spiral 63.3 7.29 196
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Advantages of “string of beads” inductors

1.
2.

It Is much easier to wind, particularly if the wire is heavy.

The inductance L is adjustable by adding more or fewer cores.
In the example, L can be adjusted in 2% increments. Special

) ID )
smaller cores with the same 5 ratio could be made for smaller
adjustments.

The stray field is largely contained within the cores, as they surround
the winding.

Heat dissipation, especially for core losses, is much better.
It is easy to heatsink the cores.

www.coilws.com
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Most conversions to matrix style will be to go to higher
frequency at the same current and voltage.

NI will be the same, but L can decrease, so fewer cores are needed.
If losses are held constant, power density increases.

The matrix style inductor is much better than a wound toroid for heat dissipation, but
heat removal Is important.

Heat Sinks may

be beneficial.
|
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Matrix Transformer Building Blocks for High Frequency Applications

Matrix style inductors

1

may have lower core loss »
Data taken during the Phase Ill Core
Loss Studies at Dartmouth suggest o

that the core loss for a string of ferrite

beads may be 1/2 that of a solid

toroid equivalent core at high

frequency. 0.01

Caveat: Too few tests were done to
be conclusive.

We need to test more examples. 0.001
0.1 1 10 us 100
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Matrix Transformer Building Blocks for High Frequency Applications

The matrix conversion also applies to transformers
8core 1:1:1:1 o

transformer e EST—— '.= _
Single turn . - | | |
- . E B &.......m.....,,. S | MREERERNIT | RN
WlndlngS greatly EEe— i ’/P jf:j: f. =
reduce proximity )
effects.
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Matrix Transformer Building Blocks for High Frequency Applications

Adjusting A, for different voltage and frequency

It Is easy to adjust A, to
adjust for different voltages
and/or frequencies without
affecting other parameters
by using more or fewer
cores.
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Matrix Transformer Building Blocks for High Frequency Applications

Symmetrical excitation cancels noise

ARRNNN
W A
|
Equal and opposite <4 K - <<y E ]
polarity SESOOTSSY ASTEIESSN] O FOOORRRRYY RS SS SISO N
—‘ l i LAANRRRNN SOOI RSOSSN S RSN SOOI
_T:" 1 to 1 matrix transformer _
s Voltage at this

node is O V.

Currents through stray
capacitance, such as drain

pads to the heat sink cancel.
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Matrix style transformers and stray capacitance:

In a 1 to 1 matrix transformer, the inter-winding capacitance actually helps,
marginally, making the transformer like an RF transformer during transitions.

i LN I SO SAS AR O AL SRS N NSRS RRRGY
B ESSSIESSN] LOODOTNSS] RRRRERNRYN ROOUISSN] )
T | SIS oY RS e e e
R REOSCOOTTY EUTTISIRNIR] LOOOODTSYY KEISSIRERR]
|
__;T<_' 1 to 1 matrix transformer

Stray capacitance to the cores leads nowhere, if they are isolated.
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Matrix Transformer Building Blocks for High Frequency Applications

Matrix transformers with common-mode capacitors:
A matrix transformer with a symmetrical

common-mode c
the input voltage Vi

+

C1

ush-pull primary has

eilpacitors on its input. The voltage Is equal to

C2

Vi

-+

)

Symmetrical push-pull (split) primary

How the voltage on C1 and C2 is maintained at Vi will be shown shortly.

www.coilws.com
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Switched-capacitor symmetrical excitation:

MOSFETSs cross-couple the common-mode capacitors, and “see” only the
Ing the MOSFETs from the transformer.

capacitors, effectively de-coup

P

T

:

vilt | =

% ma et L -
Q1 _—(32 AN N NN

ST v+ -

In the secondary, the same circuit a synchronous rectifier.
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Matrix Transformer Building Blocks for High Frequency Applications

Switched-capacitor symmetrical excitation:

Symmetrical push-pull

(split) windings: Vi
Unlike conventional |
push-pull windings, both
halves conduct I../2 for
both half-cycles.

Vi
The MOSFETSs
alternately carry the y
Input current [.... |
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Matrix Transformer Building Blocks for High Frequency Applications

Symmetrical push-pull wave- -forms

The oscillograph shows the L R S0
symmetrical excitation. . iR 000 ;

The yellow and green traces on
the top are the drain voltages,
alternating between 1/2 Vi and
3/2 V.

The pink and blue traces on the
bottom are the source voltages, | S S I
alternating between 1/2 Vi and — sttt JBUM 100ns 'A Chl s 59 2v

: ichz 200V &EE 200V
1/2 V1. St o
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The Symmetrical Inductor:
Voltage on the capacitors is maintained by the symmetrical inductor.

Vi i s N Ay A - LS yd AV AVaya
— + |- + |- + [—= + + | Vi
— — — — I
-+ - - - —— —
- + = + [= + = +
o = B =R C1
+ = |+ = |+ = |+ — oy,
— = EE— — — L
R g g g _
+ - + - + =+ - | Vi
F /_ +

The voltages in the cores are common mode. Nothing that the flux does
can affect the capacitor voltage, and vice versa.
The currents in the cores cancel. Nothing that the current does

can affect the flux, and vice versa.
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Matrix Transformer Building Blocks for High Frequency Applications

Dc current in the symmetrical inductor.

The currents charging the common-mode capacitors are dc, so skin effect is not an
Issue. The conductors can be solid and very heavy with almost no loss.

When operating, there is a small ac magnetization current.

The cores see an ac voltage equal to the input voltage Vi on both conductors. The
positive side is off-set by a dc voltage equal the input voltage V..

Looking at the MOSFET sources, referenced to the input ground, the voltage is a
sguare-wave equal to +/- 2 Vi, as seen in the next slide.

Looking at the MOSFET drains, referenced to the input ground, the voltage is a
sguare-wave equal to Vi +/- ¥2 Vi, or from Vi/2 to 3 Vi/2.
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Matrix Transformer Building Blocks for High Frequency Applications

Connection to the MOSFETs and transformer:

Y
L
)

!
{
)

Vi I _{ Vi i‘

4+ - li Teq ———
| — S — _¢ L=

\/ — (o ’E‘ Vi __I_

Symmetrical inductor

y
|
)

y
{
I

D

1:1 Split primary

The symmetrical inductor connects directly to the common-mode capacitors of the
transformer. The voltage on the capacitors is equal to the input voltage Vi.

Symmetrical excitation at the center node cancels at the input, for very low noise.

0
0

www.coilws.com

Ww

www.hvac-chip.com

22



Matrix Transformer Building Blocks for High Frequency Applications

“Through-the-bore” gate drive.
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Because the voltages are common-mode through the cores, the gate drive logic can
be passed through-the-bore as well, on the side that is common to the sources.
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Matrix Transformer Building Blocks for High Frequency Applications

Through-the-bore on the transformer end:

Because the end of the

transformer is a null point,

It Is an ideal place to put
current sensing.

A shunt is shown with a
dif amp, because there Is
some voltage offset.

A current transformer Is
an option.
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Matrix Transformer Building Blocks for High Frequency Applications

Symmetrical converter for ac-ac conversion:

To use a symmetrical converter for ac-ac conversion, replace the
MOSFETs with ac switches. Back-to-back MOSFETs are shown.

Vi y7I7ITITA | | [IZITIILT, Qi{ Jvilag | FRTSISoay | FSTIIIOam
;o i Lot \\

I I i !
% VoY PV IrS C1 RN BSOS
(L L L L ok LLLL L C2 RN . - NN

' (| | i
\/ 77777773 77777772 | qp | V! Ag| LoooTTTsss O CCOTSSS N

Symmetrical inductor - 1:1 Split primary

The secondary circuit is the same, as a synchronous rectifier.
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Switching losses

Zero-Volt-Switching (ZVS).

There should be sufficient stored energy to fully charge Cy when the MOSFET is
turned off. Usually, the magnetization current is sufficient.

When the voltage on C,4 reaches 2 times the input V, the other MOSFET will have
zero Vg and can be turned on with ZVS.

There Is nearly ideal snubbing with complete energy recovery through the common-
mode capacitors and the body diode of the other MOSFET.
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*No-loss” non-zero-current turn-off

turning off a MOSFET with non-
Zero current.

Losses are attributable to leaving o ¢,

the MOSFET in its active region Oﬁﬁﬂﬂt |

for too long (cross-over power), “i_d
Ls

There are no iInherent losses In g
Ld

and to poor control of the stray
iInductance.
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*Anti-Miller” circuit

It 1,>> 1y, then there is no "Miller shelf,” that
IS, there Is no flat region on the V curve.

|deally, the gate-source capacitor CCS IS
discharged below the gate threshold voltage
V,, before the drain-source voltage V4 rises
appreciably.

Unfortunately, the gate mesh resistance R, Is
much too high on commercial MOSFETSs.

The low-side driver really should be
Integrated into the MOSFETS.

www.coilws.com
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DAB (Dual Active Bridge) circuit

2 X Input voltage across inductance during phase shift forces very

fast di/dt. Bead inductors
Best for circuits : / \
where Vi = Vo. Switches Transformer Synchronous

Rectifier

|deal for removing
load regulation.

The fact that DAB

can compensate f 4/ M0 rr—
for small input Phase shift +/-n e naa
voltage variations _ t! !

IS a bonus. to

www.coilws.com
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Matrix Transformer Building Blocks for High Frequency Applications
Osclillograph of the DAB voltages |

The oscillograph shows the | . e o=
transformer winding voltage (pink) [ oo WSS F
with a sense winding and the DAB  |/SEEEEE EEEEEREE SR S s
Inductor voltage (green) with a
sense winding.

In theory, the voltages should be
the same peak voltage, but the
difference may be the voltage on
the transformer’s stray and
leakage inductances.

- §M100ns A Ch3.r 252v
4Cha 20,0 N
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Osclillograph of DAB current

The oscillograph shows the . | Ch1 Freq

1.997MHz2

transformer current (yellow) and
the voltage on the DAB inductor
(pink) using a sense winding.

cm 100my:- Nt “M 100ns ‘A cm 1—42 om

oiE 5.00V & - :

. : @++0.00000 s
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Matrix Transformer Building Blocks for High Frequency Applications
DAB controls the current

The current is roughly determined by the phase angle and the voltage.
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The MOSFET boards:

The MOSFET boards are
blank slates that can be
customized for various
MOSFETs and driver
CIrcuits.

The front Is shown with a
SIC MOSFET.

The back is a heat
Spreader.
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Matrix Transformer Building Blocks for High Frequency Applications

Heat sink assembly

Once the MOSFET boards are
populated, they are put on the
heat sink blocks and clamped
tightly (with their mating
components, shown later).
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Matrix Transformer Building Blocks for High Frequency Applications
Capacitor boards

The capacitor boards contain the common mode capacitors. The fingers are bent
up and down to make connection to the MOSFET boards.
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The common-mode capacitors are added.

The common-mode capacitors
on the capacitor boards clamp
tightly to the MOSFET boards.

Having very low ESL and ESR

usually iIs more important than the
capacitor value.
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'4.7‘-,-.'/‘;. | R:
The symmetrical inductor '

This Is a partly assembled symmetrical
Inductor. It is not as photogenic as a
finished assembly, but it is more interesting.

The wires through the bore show more
prominently.

The symmetrical inductor mounts on a
capacitor board, and they are installed on
the heat sink blocks as an assembly.
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The whole converter

This converter was built as a prototype, and has current sense and extra test points.
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Multi-cell circuits:

There are two types of multi-cell circuits.
1. Two or more cells on one transformer.

_____\Symmetrical Switches Transformer Synchr_qnous Symmetrical
Rectifier
Inductor Inductor
Symmetrical Switches Synchronous Symmetrical
Rectifier
| Inductor Inductor
Dc or ac input Dc or ac output

Switching must be synchronous.
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Multi-cell circuits:

2. Two or more cells on different transformers.

______\Symmetrical Switches Transformer S}g:;,; ?fg ?”‘3 Symmetrical
Inductor Inductor

Symmetrical Switches Transformer Sg?::t,;;g?us Symmetrical
| Inductor Inductor

N

Dc or ac input Dc or ac output

Switching can be asynchronous, interleaved or intermittent.
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Multi-cell circults:

A large modular system may have many modules that are multi-cell circuits with one
transformer per module.

The system may have a number of these modules each with its own transformer.

Within a one-transformer module, switching must be synchronous, but between
modules, switching can be asynchronous, interleaved or intermittent.

For example, a 13,800 kV to 240 V ac might have 16 modules, each module having
4 cells on its own transformer. 16 x4 = 64 to 1.

That is an excess of total cells needed, but some can be switched “off” to adjust the
ratio. Failed cells also can be switched out until they can be replaced.
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Medium voltage transformers (13.8 kV to 480 Vac)

If a low frequency transformer is converted converted to a single turn
transformer with many small cores using the matrix conversion of slide 6, the
total core height is very large. Unreasonably large.

If the purpose is to go to a higher frequency, much higher, then A, can be
much smaller, and the core height (the number of small cores) becomes
reasonable.

Further, the core height can be divided into a number of sections without
affecting the total volume V..

Each section supports a lower voltage, but the primary circuits can be placed
In series with parallel secondary circuits to make a step down transformer.
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Medium voltage matrix transformer (Cross section):

www.coilws.com
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Matrix Transformer Building Blocks for High Frequency Applications

Medium voltage matrix transformer mock-up.

The windings should be Litz wire, but the mock-up uses Teflon hook-up wire. The
module will have four cells, and the “solid state” transformer would have 16 primary
and 32 secondary modules per phase. Estimated rating is 1 MVA per phase.

www.coilws.com

CcCus Power Magnetics @ High Frequency — Solving the Black Magic! ﬁ)} ﬂﬂﬂ@
March 19, 2016 Long Beach, CA La# .....cos

44



Matrix Transformer Building Blocks for High Frequency Applications

Modular transformers (multi-cell)

With n cells in series, each circuit sees 1/n of the input voltage. Low voltage (900 V)

parts can be used, and they can operate at very high frequency (2 MHz?).
With n modules in parallel, the secondary output current can be very large.

Logistically, the modules of a very large transformer can be delivered by FedEX.
Instead of many months, the parts can be delivered and assembled in days.
Failed or damaged modules can be switch out while the rest remain operative.
Failed or damaged modules can be replaced in a few days.

At low loads, individual modules can be turned off to save energy.

A high frequency modular transformer is very much smaller.
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Matrix Transformer Building Blocks for High Frequency Applications
“Solid-state” transformer variant using ac modules:

There is no DC link, so it is not suitable for changing frequency or phase..

However, there are fewer conversion stages, so it smaller, lighter, less expensive
and more efficient.

At light loads, individual modules can be shut down or run intermittently in burst
mode, so no-load or low-load “magnetizing” current is very low.

DAB can remove load regulation, so Z=0 is possible.

There Is very little stored energy, so it cannot sustain arc-flash no matter how large
the transformer.
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Questions?
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Thank you!

James Lau

CWS
Coil Winding Specialists
353 W Grove Ave
Orange, CA 92865
(714) 279-9010
Jlau@coilws.com

CWwS

48



