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For the dc operating point, | believe only
some averaged models need to be
active at a time considering the input
line polarities at the selected time.t
Here, | selected 15 ms implying:

tp = 15ms
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theta = atan2|v | t;g). vl tipl} = -1.571

Tbl.t].[':l = #8533V
Tlll.tlﬂ:l = B4 833V

This selection implies that positive diodes
on line b and c are turned on. The diode ol
the negative line a is active. Some of the
models are turned off, easing the burden
on the simulation engine.

The operating point seems correct and
matches the transient simulation. Using
three averaged models (or 6 in the
transient simulation), makes the simulation
sensitive to any parameter change: always
check the dc point is ok.



This is the cycley-cycle simulation. The output
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The cycleby-cycle

simulation confirms the

operating points are good.

The voltage is well spread
between the two output
capacitors for an 80¥

rail. The values for the d, q
and error voltage do
match the averaged

simulations.
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Excellent match
between averaged
and cycleby-cycle
simulations. There
IS a slight offset on
the d levels but
nothing serious.

Having averaged
and cycleby-cycle
data well
superimposed is a
great reward and
confirms the
modeling
approach.
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The ac analysis is quite sensitive to the loop
3 w0 ] R el : : i . .
P T @><l e @><]7 % , configurations, in particular the high open
;55 m o —1—a A Vo2 40u.0 VeN . . .
T’ : ce T — 1 | - loop gains of the TLO72. Also, it is
a : ] ! Ok Tieei® i ) important to tick the correct box when
¢ J 1 using initial conditions for ac analyses: |
%egou 0 % Iggou PARAM Va:(Vgpeak‘siln(w*ﬂ » )
PARAM VoV apeak s 1-4-413)

was having good dc operating points in dc
analysis but after an ac analysis, it was

va“a) V, is negative J?Ei.} V, is positive wm V. is positive INE'V—{‘N:E/?,:JT]—V%UT Device Value

SIJWTV Base |2 |: Series

wrong and this is the reason:
E{‘; VTV Decade |1.m |= 855

[ K
i@
€t R2V)
5 5 24999 [
\ v2 c3 R8 TLO72

D1
IDEAL

I

FBE

.PARAM Fline=50

.PARAM Vgrms=120

.PARAM Vgpeak={Vgrms*sqrt(2)}
.PARAM Vamp={Vgpeak*2}
PARAM w={2*pi*Fline}

.PARAM t1=15m

4 Choose Component Value X

Initial Conditions

() Opendrevit  Enable For Analysis:
(® Initial voltage op

O e24 [+ AcNoise/TF

Result |ET] = [oc

f— X1 vdd
AC1
E11 FB ouTvV /5 INV ferrd
230526 T v /\8>+ s Da pa Cancel Farameters...
s L1 bl e
= = v R12 O e
_— {Rdd} ( )
————— = {vref) g \_/ v=t-abs(v(Da1))
C4
b W dass2s ! 3.04341 24606 172m
400.032G iﬁ—évu s + Dat . . . . . . .
ia L L
R sos L — : If it is not ticked, the bias point for this first
I 103105 a1 i Retd u20 Db ’
T bE— b 1 W Retq Inverse_dg0 4 795.922m %/L
I 10 d m - -
o BT e B o s Ergmae | o ac analysis is wron
o= ° R = B2
,C R7 ” T AV ) .
Tor theta \_/ V=1-abs(V(Db1))
n l BN & -1.2741
E8
_______ e Bt thet 172m i
| —£1Det
L _-169.70 ":e‘a = Vee Verrq De
x: e RP337728 -Er943m gyy T 780.855m %‘*
Ve

{Rda) clg R

(C|2|q) -61.943m 0 k

3

o T
|
|

M

+) B
J

I
o e—

g - <
g - <

V=1-abs(V(Dc1))

For the voltage loop, the bias is correct and
we can sweep this first loop.
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Compensated V loop

In the previous slide, you can see that some of the PWM switch models are grayed out. The reason is that | have
selected a {value (15 ms) for which,\6 negative {169 V) while Yand \{ are positive at 84 V. As such, the PWM
switch model in Ytreating the positive polarity is made silent (grayed out) while only the one dealing with the
negative value is active. Same with the models undergoing the negative polaritigsaiod V, they are also

grayed out and only the ones treating the positive waves are active. The goayedodels would normally be

ignored by the engine considering the series diodes but the lighter the circuitry is, the easier it becomes for
converging and finding a correct bias point.
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< T i i Check operating point are ok still.
481,664 o 487.69 o Ok %:;:;T:L s
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.PARAM Fline=50

.PARAM Vgrms=120

.PARAM Vgpeak={Vgrms*sqrt(2)}
.PARAM Vamp={Vgpeak*2}

PARAM w={2*pi*Fline}

.PARAM t1=15m

.PARAM Va={Vgpeak*sin(w*t1)}
.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}

c2v
vdd Vee —
3.04347¢;
vy RV,
5 -5 24999 § I—@—‘( L-
1L vi L v 3 yg N8 TLO72
X1 vdd
E11 FBEG ouTv INV Verrd ba Da
230.326 B———| ;fﬂva 25 B A' 576.778m
= — =
ol ok .
{vrefy 3.04341 i 3.0136 V=1-abs(V(Da))
) F2 44 8528 i 24606 72m
400.032 = e Elvb + Dat
y e sa0 sub = 3.0136 i P e E
NE— | -3. | —
%‘ 19.3195 a 1d # Retd ouTd Js u20 Db
- " p  Rotq (C2dy 8 Inverse_dq0 E7 795.922m
E3 84 8528 Ic 10 d ia 172m
c A -16.8346 theta -6.92875n OUTg INg ib g -1.1865
= e e R7 ® = q m + £0b1 82
ic 1K X2 vdd " thota” V=1-abs(V(Db1))
TLO72 1 ]
theta | L -1.2741
1 E8
- - = theta J72m
va u4 - 1+ {81 Det -
-169.706; theta_sub Vee Verrq Dc
i— va 15708 REB37728 | -G1943m gy (L . 780.855m
WbE——— Vb theta| @8- )
Ve theta {Rda} {C1a} cs(qu) O k 7&) . B3
ve |@7 V=1-abs(V(Dc1))
(c2q) 61.943m =
g out, OUTd ing Reld  Reld N uT)  Qud g N vour
=0OUT/IN OUT/IN UT/IN =OUT/IN
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Power stage of d loop Type 2 centered at 2 kHz

Gain Gain Crossover Frequency 2.0142727kHz
Gain Gain Margin “*ERROR™*
Phase  Phase Margin 59.511622degrees

Compensated d loop
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87 086 -
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IcapN
452.636m
399 B & R15 R23
2m 6= A“DEAL D(RL) {Rlower}
Dc
611/457 V% RE28.721m
£
ib ic .
521.784 H$11.457 .PARAM Fline=50
1om 10m .PARAM Vgrms=120
.PARAM Vgpeak={Vgrms*sqrt(2)}
564.881 564 881 .PARAM Vamp={Vgpeak*2}
*Hiz . < L PARAM w={2*pi*Fline}
.PARAM t1=15m
.PARAM Va={Vgpeak*sin(w*t1)}
.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}
! PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}
x—><—x
X X—x
=
Not ok < T
c2v
Vdd Vee —
4.79505¢;
€1y R2V)
5 5 245964 (&
Lovi v c3  yg R Twr2
E11 8O3 \ ouTv INV Verrd
3103228+ va 1 1 ZT/ e
— el i Not ok
{Vrefy —— {Rad} {c1gy VB2q) 1.64562
E24 -5.37729 i R10 172m
b 4.8528 1.34364
480.028 = + m} £] Us
ial —
Nﬁﬂ—/Z«—{ I dq0_sub = -1.64562,, i 7:5
| 258.581 la 1d Retd Inver seD dqo E7
ibfa——— 1b Iq Ret
. E3 44 8508 279 ;55 |ch . 10 8.31432n e L ouTa AC , d ia T84 172m
. i O =
S ic T M x2 vdd i o e & & o
1K
— TLO72 1 ve theta =
theta I L -3.18235
— . E8
- L theta J72m
val U4 i - — {—&1Det
-169.706,theta_sub Vee Verrq
va 5708 q17.4572 255042 gy (L . |
vbEF——— Vb thet: 4"'@—:'7
Ve theta {Rda} {C1q} {R2q}
C6
vcE—‘

IN EOUT’_E‘OUT“ 'E,_“‘
=0UT/IN

IN EIOUT’_RE“
=0UT/IN

a—‘

IN []ourT|
=OUT/IN

1 <Not ok
T T

= >

IN EOUT’_VOEUT
=0UT/IN

768.893m

683.742m

452.636m

Now enable the g loop. In theory, both d and g looy.
have the same transfer function but it is always
interesting to look at each individually. Here, by
enabling the ac source with the q loop, the operatir
point is wrong.

By locally reducing the opdoop gain of the g op
amp, the circuit converges:

Da Da

- B1
V=1-abs(V(Da1))

+7\ B2
V=1-abs(V(Db1))
Dc
)83 *
V=1-abs(V(Dc1)) ||f"\ .
=
---------------------- ey 52:3913m
— Tt
4 Thieg
...................... ) P

Added resistance
Remove it for other analyses
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Power stage of g loop Type 2 centered at 2 kHz

Finally, | have set the voltage loop at 10 Hz and
the dgloops at 1 kHz.

In theory, the d and q loops have the same ac
response but changes can occur due to the dc
loop kept closed during the ac sweep.
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Compensated d loop

-urve label

Gain (...
Gain (...
Phaze ...

Mame Value

Gain Crossover Frequency 1.8637823kHz
Gain Margin “*ERROR™*
Phase Margin £3.379129degrees



A

40

V4
-40 .

™
o
( C
.
~
Lot
ot
11| ||
A ‘
( N,
ol 11
% A/ A
i \v \V
T I AI
\\\ll\v ll' :
. A\\\\\\ \\\\ , .w
il o L« 0
B> ns In m
\\\I\\ \\ll\\v Ty m
I All A\\\ll\uv
~ T I
s \v \\\l“l T
I b \\l\\u 1]
T [l In 9
\\\|\\v \\\l\”v =
o All A\\I\l\v
1 il M
“ [ \\\\\HV l'luv \
= \\\ll\
llllu [ Alll lhl \ \0
~ i 5
HH\\\\ 3 n\lll\\v \\\_\”\ \\\ ©
Tt i A
lv A I
\\\l\\ i |
= n“\l|\lv A\ll\\\v |
T~ T I
L \\u- \lll\l T
lllv T M 8
| o
ﬂ“\l\\ A \\\l\lu lll-
T~ e A\\\\\\\ 1111
b) T M 1111
W ) T
n af [
b I ¢ n\\\
4 0
™~ n ;
lu NN nll |l
< A‘\u A\u. 11
goge b )
SF % :
v/e o \ _m
2222°89 ¢ |
| | | e
n_ 29 oo .
v/o - T ; \ .. ,
) e Rav | |
: / Ndeop . |
) m T v/ ddeot ﬂ |

un
W W/ N w e : v /vl |
e 1 -+ @ o : C <\
2353 =0 25< 2 E
g ..Qlu. b & = o o A o
S s £29 2 S s 8 | - s
) 7 88258 885 888 m
R Y | iy O O |
M R pud, ) 4. -
Pl ( : AR |
\\ / A
| NIDA
N, ,
N
N III
N
N u f
vl
il \
]
/ { h
L
I il i
,, I * A
N II . v
N £ W
N rq ;& : i . m
P /7 % : W # . m
] ik
; | 7 A A .
\\\ I oA
N X
I \ [V <
Il rq = W.. * .
1 I = m - V .
| | w ..m 2 M. .
N \\\ m = .M 5 i
P4 / - 58 :
I B B ji
; \\ = & o .
A / m
N v
N | ; *
™ : .
N II H_ wm # .
I Ll
™ u \\ .
) el \
7|
\ \ h -
A | “
A A I
N | *
II ¥ —
II L -
) i# L -

' 1 - &

<\m_ | m. 0 L -

' §R°R
\n__ o .l“
<\u_ e
. <\ o *
: ! l V ps’

= o
<\%_§ | aow )
<\<.: . m. \ i# .
<\m._.H : .
(\U._.H m m W
s a8
ggs8

\c‘_‘_w>

>

Time/ms



Finally, I have included SiC MOSFETSs in the circuit:

IcapP
D1 D4 D6 ke C13
IDEAL A IDEAL 4% IDEAL 4% 2m IC=350 D ?RZS) R24 D
{Rupper}
R16
CTO25HU120G3AG_V2K  SCT025HU120G3AG_V2K  SCT025HU120G3AG_V2K ~SCT025HU120G3AG_V2K | SCT025HU120G3AG_V2K SCT025HU120G3AG_V2K 1om
/ e \\ e vo_2 / ~ TN voz J e \ / e \\ vz /L\IcN
{ } FBN
\ \ \ / ITe \ 1)
\2 =/
U3 u2 u9 u7
D5 D, c8
DEAL A DEAL A 2m IC=350 Dms R23 D
Jul 0 {RL}  {Rlower}
Db Kb Dc  Ke 29
10m
hE
ib ic
*
RS R6 .PARAM Fline=50
10m 10m .PARAM Vgrms=120
.PARAM Vgpeak={Vgrms*sqrt(2)}
.PARAM Vamp={Vgpeak*2}
°NL2 °N L3 *
Q)aoau Q) 800u
He Hb He .INC \SUBS\SCT025HU120G3AG_V2K.LIB
I I I 1 1
. X ; Include the lib file
ia ib ic
60m 60m 60m
o Duty ratio Da
SINE SINE SINE a IN
Vi=(Vgpeak] 1 |, Vi=(Vgpeak) i Vi=(-Vgpeak} T 5| Duty Cycle
v2={vgpeak) (1) 2 v2={vgpeak) (11 V2={Vgpeak} ‘\J_l/) c
FREQ={Fline} FREQ=(Fline} FREQ=(Fline} ' :
DELAY=0 PHASE=120 PHASE=240
Duty ratio Db
. % IN [puty Cycle]
N
Ra Ly
P L
c2vy N Duty ratio Dc
= vad Vee —AF— % IN | Duty Cycle|
c2 Verrv
€1y ROV o
5 5 | t I
L vi L v c3 R8 X1
vdd
£11 FBE—&—— o n, Werrd
[ M va +/ - Rdd ]
— — V3 -
- us R12 o LY
W) ca NIYA U6
E2 1 R10
E {R2d} J\ ’
h
[E: Elvb cid
b dq(')J5sub — 19 e - /) B4 ¥ ~
NE—| | N L - Dat
%‘ la Id U20 “ (\ /) V=3-abs(V(Da1))
b Ib Iq {Cad} Inverse_dq0
R E3 1 Ic 10 d ia
theta b
G + 3 N R7 x2 vdd foo i Bemt =
1K : TLO72 + theta
theta . J\
L Dot L .|
— - +7 BS
— thet
va U4 Ves = e o) V=3-abs(V(Db1)) U21
theta_sub c7
R13 R14
Va
vbI———| Vb theta|—F] {Rda} c1q} {R2q} —
EJ— Ve theta c6 Verrq
- o [

/+\) B6

N

V=3-abs(V(Dc1)) U22

+

.param GfcV=32 ; magnitude at crossover *
.param PSV=-45 ; phase lag at crossover *

* Enter Design Goals Information Here *
N

.param fcV=20 ; targeted crossover *
.param PMV=46 ; choose phase margin at crossover *

* Enter the Values for Vout and Bridge Bias Current *

.param Vout=800

.param Pout=10k ; nominal is 5 kW
.param RL={(Vout/2)*2/(Pout/2)}
.param Ibias=100u

.param Vref=2.5

.param Rlower={Vref/Ibias}

.param Rupper={(Vout-Vref)/Ibias}

* Do not edit the below lines *

.param boostV={PMV-PSV-90}

.param GV={10"(-GfcV/20)}

.param kV={tan((boostV/2+45)*pi/180)}
.param fpV={fcV*kV}

.param fzV={fcV/kV}

.param C2V={1/(2*pi*fcV*GV*kV*Rupper)}
.param C1V={C2V*(kV*2-1)}

.param R2V={kV/(C1V*2*pi*fcV)}

* Choose op amp characteristics *

.param AOL=90 ; open-loop gain in dB *
.param POLE=30 ; low-frequency pole *
.param VHIGH=5 ; upper output level *
.param VLOW=100m ; lower output level *

* Do not edit these lines *

.param gm=100u

.param GAIN={10°(AOL/20)}

.param COL={1/(6.28*(GAIN/100u)*POLE)}
.param ROL={GAIN/100u}

D12
mur160

=

* Components for the d loop *
.param Gfcd=30 ; magnitude at crossover *
.param PSd=-93 ; phase lag at crossover *

* Enter Design Goals Information Here *
N

.param fcd=2k ; targeted crossover *
.param PMd=60 ; choose phase margin at crossover *

* Enter the Values for Vout and Bridge Bias Current *
.param Rdd=100k

* Do not edit the below lines *

.param boostd={PMd-PSd-90}

.param Gd={10%(-Gfcd/20)}

.param kd={tan((boostd/2+45)*pi/180)}
.param fpd={fcd*kd}

.param fzd={fcd/kd}

.param C2d={1/(2*pi*fcd*Gd*kd*Rdd)}
.param C1d={C2d*(kd"2-1)}

.param R2d={kd/(C1d*2*pi*fcd)}

* Components for the q loop *
.param Gfcq=10 ; magnitude at crossover *
.param PSq=-93 ; phase lag at crossover *

* Enter Design Goals Information Here *
N

.param fcq=2k ; targeted crossover *
.param PMq=60 ; choose phase margin at crossover *

.param Rdgq=100k

* Do not edit the below lines *

.param boostq={PMqg-PSq-90}

.param Gq={10~(-Gfcq/20)}

.param kq={tan((boostq/2+45)*pi/180)}
.param fpg={fcq*kq}

.param fzq={fcq/kq}

.param C2q={1/(2*pi*fcq*Gq*kq*Rdq)}
.param C1g={C2q*(kq"2-1)}

.param R2q={kq/(C1q*2*pi*fcq)}

The simulation with SiC transistors is the
final step. The driver side is simplified and
delivers up to 18 V through a 38
resistance. A more accurate simulation
should include a comprehensive model of
the driving path.



This is a 12 input voltage for a 28W output power



