Neglecting the switching ripple

Suppose the duty cycle The resulting variations in transistor gate
is modulated drive signal and converter output voltage:
sinusoidally:
Gate
d(t)y=D+ D, cosw,t drive

where D and D, are
constants, |D,, | = D,
and the modulation
frequency m,, is much
smaller than the
converter switching

frequency w, = 2xf.

Fundamentals of Power Electronics

Actual waveform vit)
including ripple

Averaged waveform (Wi},
with ripple neglected '
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Output voltage spectrum
with sinusoidal modulation of duty cycle

Meodulation Switching Switching

Spectgn.:m 4 Sfrequency and its Sfrequency and harmonics
of v(1) harmonics sidebancds

rm—— e, P

- fIf afy

m

Contains frequency components at:
* Modulation frequency and its
harmonics
» Switching frequency and its
harmonics

e

w, (0]
With small switching ripple, high-
frequency components (switching
harmonics and sidebands) are small.

If ripple is neglected, then only low-
frequency components (modulation

+ Sidebands of switching frequency frequency and harmonics) remain.

Fundamentals of Power Electronics

2 Chapter 7: AC equivalent circuit modeling
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Sampling

v(t)

ve) .

Sampler
v(t) /\_/\

VE(t) = v(t)i S(t—nT)

Unit impulse (Dirac)

Sampled-data system example: frequency domain

vE) | oy

vt) . ()

1 _ efST
S

Sampler Zero-orderhold H =

v*(s)=Ti S V(s - jka,)
k=00

-sT 1—- —sT 40

vo(s>=1‘§ VHE) = S u(s- ko)
k=—o0

—sT

1-e
ST

Consider only low-frequency signals: v (s)~ v(s)

v, 1-e~"

7 ST

System “transfer function” =
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frequency responses

Zero-order hold:
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How does any of this apply to converter modeling?

>
>




PWM is a small-signal sampler!

u+u
u

\>\
AN

g—
&L //////

¢ _

A

C
dT.olt-t,)

t

PWM sampling occurs at t, (i.e. at dT,, periodically, in each switching period)

General sampled-data model

Equivalent hold

\4

Gy(s)
dT8t-nTy), d=0 v
U P
— o | G(s) | il
T, +

¢ Sampled-data model valid at all frequencies

e Equivalent hold describes the converter small-signal response to the
sampled duty-cycle perturbations [Billy Lau, PESC 1986]

¢ State-space averaging or averaged-switch models are low-frequency
continuous-time approximations to this sampled-data model

12/5/2014



Application to DCM high-frequency modeling

ai, | dyT,

Application to DCM high-frequency modeling
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DCM inductor current high-frequency response

- V +V, . 1—e7 P . Vo4V, o 1—e™Ph 1 &=
IL(s)=—""2T d*(s)=——2T. — ). d(s— jko,
L( ) L s s ( ) L S s Ts k; ( J s)
& V +V l_e_SDsz 0
I () =———2D,T d(s
L L > Dprs (s
(s VitVopo 1 2
ds) L c.s @2 =
(S) 1+— DZTs
a)Z
fs High-frequency pole due to the
fz = D inductor current dynamics in
2 DCM, see (11.77) in Section 11.3

Example DAB Application

¢ Goal: Include effects of both output

sampling and PWM sampling in converter
model

¢ Considering only control perturbations, o) %
model will take the form

1 1
5T T

R[n] = FAIN—1]+ G, [n-1] 1t £
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Example DAB Application

* QGoal is to develop a model of the form

K[n] = FX[n—1]+Gg,,[n—1] kT T
* State vector is sampled and control 16 ¢ |3
updated at t=nT, ’ -
: T L
X= [Vp II Vout ] -I T T
Subinterval: Il 0 v v VI
?, *

['/’\ samp“ng
Wswme
¢ 1}

—

—

wor, 1, L wr, !

Continuous Time State Space
X(t)= Ax(t)+ BV,

1 1
5T T

Ao/

L
8T T

Equivalent Circuit in
Subinterval |

b b Im

+ 1. L+ -
G %é':c"’:il Y,

T" :
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Continuous Time State Representation

—

X(t)= Ax(t)+ BV,

0 0 o 0

CP
b 1 M= 0 = Bi=|o0
- T _ out Rout Cout
e -] 1 —1

c.;T"’ Ié B CaT - L Lin: 0 0

— - +

_1 _
IR, 0 0 IR,

L 1 ) Ao
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o
Al
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e
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I
yl

L . e
o ) 1 — 1 -1 L
n T + Ag = 0 Cout Rout Coutm By = 0
' >
|| i C-T i™" 0 Lll”: 0 %,1

| 4% +

* Models change slightly depending on operating mode
* In all cases, consider dynamics at boundary just below ZVS

State Propagation

¢ Within each subinterval, states propagate according to continuous time model

X(t)= Ax(t)+ BV,
¢ Solution given by

s
z(t) = editeg + f e—Ailt—7) (B,r'vg(r)) dr .
0
*  Ifv,(t) = V, within one switching period,

X (1) =e*x, + A" —1)BY,
Subinterval: (| 1l Vi Vi VI

% By
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Small Signal State Propagation

Considering steady state plus some small signal, solution becomes
o At o -1, At
X, +% = (X, + %)+ A7 (e —1)BY,
Small signal portion can be separated out
% =eMg,
And applied for each subinterval to obtain natural response

F =@ Asts e Asts e Adty e Aty e Aty e Aty

Small Signal Response to Phase Perturbation

¢ For the forced response, consider the effect of an increase in phase shift interval of
magnitude @, around steady-state vector X,

Subinterval: (1 1] v v Vi

(=-1T, 1, ! )T,
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Small Signal Response to Phase Perturbation

Perturbation in phase shift ¢, results in a state perturbation X4,
In accordance with small signal modeling assumptions, affect on phase perturbations on
state assumed to be instantaneous

i T .
g = (AZ - AB)X plggoab

Subinterval: | |l \Y, vV VI VI
@, 81 &

o/ M~

'i "
-7, 1, i, T,

Small Signal Response to Phase Perturbation

Perturbation in phase shift ¢ results in a state perturbation X

In accordance with small signal modeling assumptions, affect on phase perturbations on
state assumed to be instantaneous

State perturbation is then similarly propagated through state progression to next sampling
interval

. T .
XX = eflghtighls (Az - AS)X pl i(pab

S A @7,

12/5/2014
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Small Signal Response to Phase Perturbation

e Perturbation in phase shift §;, results in a state perturbation X,

¢ In accordance with small signal modeling assumptions, affect on phase perturbations on
state assumed to be instantaneous

e Perturbations propagated to output for two independent changes in state at next sampling
instant

T

27

T
G :eAéteeAstseAzzM(Az _AS)X plﬁ_*_eAétﬁ (AS _Aé)x 02

Complete Discrete Time Model

¢ Combining forced and natural responses into

[n]=FKn-1]+G@,[n—1]

¢ Full model is obtained

R[] = (M ertertiertertert )Rn—1]+ ...

T T. ).
(ep‘étéep‘stseﬁ\4t4 (Az - AB)X pl 2_5 + eAétG (AS - Aé)x p2 _sjq)ab
V4 2z

* Model can be further simplified through recognition of half-cycle symmetry
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Half-Cycle Symmetry

e All states are either symmetric or

1i 0 i W iIWi ¥ VI
i i E i antisymmetric about the half-period
E ] ! « Can sample and control at twice the switching
: — frequency:

f-Z2n NI~ aa N -1 0 0
' R Ie=l0 -1 0
e e B 0 0 1

. . T, ).
8N] :(eAﬁaeAztzeAlt]IHc )x[n—1]+ oAl (A2 _Ag)x iy Ps[n—1]

DAB: Experimental Results

=
~ 09
>
Q
qi 0.85
2
=08
m
0.75
o 0.7 L L L L L L
0 20 40 60 80 100 120 140
Pout [W]

D. Costinett, H. Nguyen, R. Zane, and D. Maksimovic, “GaN-FET based dual active bridge DC-DC converter,” in Proc. Appl. Power Electron. Conf. (APEC), march
2011, pp. 1425 -1432.

D. Costinett, D. Maksimovic, and R. Zane, “Design and control for high efficiency in high step-down dual active bridge converters operating at high switching
frequency,” IEEE Trans. Power Electron., vol. PP, no. 99, p. 1, 2012.

12/5/2014

12



12/5/2014

Frequency Response Comparison

Magnitude (dB)
5 B 8

Fhea (o)
Jbbd .,

* Bode plot compared to traditional averaged model (neglects ZVS
dynamics

* Experimental results verify very little change in dynamics other than
DC gain

Transient Response Comparison
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* Response in current and voltage shown at 30 W (left) and 90 W
(right) for step changes in ¢,
* Both well matched to experimental results
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