
11/29/2016

1

Announcements

• SAIS open (please fill out)

− 41% complete

− 4 days remaining (ends Friday at Noon)

• By Dec 9th

− Return FPGA, interface board, spare interface 
components

−Worth 25 pts on TBC grade; extra credit if SAIS 
100% completed

• TBC testing report and Final Exam due Dec 7th

Example DAB Application

• Goal: Include effects of both output 
sampling and PWM sampling in converter 
model 

• Considering only control perturbations, 
model will take the form

]1[ˆ]1[ˆ][ˆ  nGnxFnx ab
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Example DAB Application

• Goal: Include effects of both output 
sampling and PWM sampling in converter 
model 

• Considering only control perturbations, 
model will take the form

]1[ˆ]1[ˆ][ˆ  nGnxFnx ab

Example DAB Application
• Goal is to develop a model of the form

• State vector is sampled and control 
updated at t=nTs

sampling 
instance

]1[ˆ]1[ˆ][ˆ  nGnxFnx ab

  T
loutp ivvx 

Subinterval:          I    II                 III              IV  V      VI     
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Continuous Time State Space

Equivalent Circuit in 
Subinterval I

    gii VBtxAtx 

Continuous Time State Representation

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

    gii VBtxAtx 

I

II

III
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State Propagation
• Within each subinterval, states propagate according to continuous time model

• Solution given by

• If vg(t) ≈ Vg within one switching period,

  g
tAtA VBIeAxetx 1

1
1011

1111)(  

    gii VBtxAtx 

Subinterval:          I      II                III              IV  V      VI     

Small Signal State Propagation
• Considering steady state plus some small signal, solution becomes

• Small signal portion can be separated out

• And applied for each subinterval to obtain natural response

    g
tAtA VBIeAxXexX 1

1
10011

1111 ˆˆ  

01 ˆˆ 11 xex tA

112233445566 tAtAtAtAtAtA eeeeeeF 
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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 Xp1

Xp1

Subinterval:          I    II                 III              IV  V      VI     

Small Signal Response to Phase Perturbation

• Perturbation in phase shift  ො߮௔௕ results in a state perturbation ݔොௗଵ	
• In accordance with small signal modeling assumptions, affect on phase perturbations on 

state assumed to be instantaneous

  ab
s

pd

T
XAAx 


ˆ

2
ˆ 1321 

Subinterval:          I    II                 III              IV  V      VI     
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Small Signal Response to Phase Perturbation

• Perturbation in phase shift  ො߮௔௕ results in a state perturbation ݔොௗଵ	
• 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

  ab
s

p
tAtAtAtA

d

T
XAAeeeex 


 ˆ

2
ˆ 13211

33445566 

Small Signal Response to Phase Perturbation

• Perturbation in phase shift  ො߮௔௕ results in a state perturbation ݔොௗଵ	
• In accordance with small signal modeling assumptions, affect on phase perturbations on 

state assumed to be instantaneous

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

   
 22 265132

6633445566 s
p

tAs
p

tAtAtAtA T
XAAe

T
XAAeeeeG 
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Complete Discrete Time Model

   

    ab
s

p
tAs

p
tAtAtAtA

tAtAtAtAtAtA

T
XAAe

T
XAAeeee

nxeeeeeenx




ˆ
22

...1ˆ][ˆ

265132
6633445566

112233445566







 



]1[ˆ]1[ˆ][ˆ  nGnxFnx ab

• Combining forced and natural responses into

• Full model is obtained

• Model can be further simplified through recognition of half‐cycle symmetry

Half‐Cycle Symmetry
• All states are either symmetric or 

antisymmetric about the half‐period

• Can sample and control at twice the switching 
frequency:

 tx
T

tx HC
s 





 

2





















100

010

001

HC

    ]1[ˆ
2

]1[ˆ][ˆ 132
33112233 






  n

T
XAAenxIeeenx ab

s
p

tA
HC

tAtAtA 

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Frequency Response Comparison

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

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

Pout = 30 W Pout = 90 W

Transient Response Comparison

• Response in current and voltage shown at 30 W (left) and 90 W 
(right) for step changes in φab

• Both well matched to experimental results

Pout = 30 W Pout = 90 W
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Steady‐State Modeling: Uncontrolled Switching

COURSE CONCLUSIONS
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HF Power Electronics – When and Why

HF Power Electronics – When and Why
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FURTHER TOPICS

VHF power electronics [11]

32.4V11‐16V

[11] D.J. Perreault, et..al. “Opportunities and challenges in very high frequency power conversion,” IEEE APEC 2009. 
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Switched Capacitor Conversion

M. S. Makowski and D. Maksimovic, "Performance limits of switched-capacitor DC-DC converters," Power Electronics Specialists Conference, 1995. PESC '95 Record., 
26th Annual IEEE, Atlanta, GA, 1995, pp. 1215-1221 vol.2.

J. W. Kimball and P. T. Krein, "Analysis and design of switched capacitor converters," Twentieth Annual IEEE Applied Power Electronics Conference and Exposition, 
2005. APEC 2005., Austin, TX, 2005, pp. 1473-1477 Vol. 3.

M. D. Seeman and S. R. Sanders, "Analysis and Optimization of Switched-Capacitor DC–DC Converters," in IEEE Transactions on Power Electronics, vol. 23, no. 2, pp. 
841-851, March 2008.

A. Radić, S. M. Ahssanuzzaman, B. Mahdavikhah and A. Prodić, "High-power density hybrid converter topologies for low-power Dc-Dc SMPS," 2014 International 
Power Electronics Conference (IPEC-Hiroshima 2014 - ECCE ASIA), Hiroshima, 2014, pp. 3582-3586.

Performance Limits of Semiconductor Materials

http://potenntial.eecs.utk.edu/About.php?topic=PowerSemiconductors
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Digital Control Design

Thank you for all your hard work, and good luck 
with finals!


