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Appendix A.

Two and Three Components Resonant
Tanks

In this part, resonant tank with two and three resonant components will be
listed and classified. Since this is a complex task, several boundaries were set to

make it manageable.

First, assume variable frequency control is the control method going to be

used for these tanks,

Second, for the resonant tank, input and output source type will be determined
by tank configuration. For example, the output is must a current source for PRC
since the primary side is capacitor, although PRC with voltage source could also
work. This also means that there is no capacitor in parallel with input terminals
since input is assumed to be voltage source type. Different input and output type

is shown in Figure A.1 and Figure A.2.
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Figure A.1 Input type for DC/DC converter
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Figure A.2 Input type for DC/DC converter

Third, assume the input is voltage source; output could be voltage source or

current source.

A.1. Two resonant components resonant tank

For resonant tank with two resonant components, there are totally eight

different type of resonant tank configurations as shown in Figure A.3.

248



Bo Yang Appendix A. Two and Three Components Resonant Tanks

HHW—H%T%T@—QD—Q

0 [+ | O Lo, 0

Tank A Tank B Tank C Tank D
I
I

Tank E Tank F Tank G Tank H

Figure A.3 Two components resonant tanks

In this family, tank A is for series resonant converter. Tank C is for parallel
resonant converter. Tank B is another form of parallel resonant converter. Tank E
and Tank G requires a current source input, which is not commonly used for this
application. Tank F could be used for voltage source input, but it is not
meaningful since it cannot regulate power transferred to the load but increase the
circulating energy. Tank H could also be applied to voltage source input, but then
it is no longer a resonant topology because the resonant inductor will be clamped
by input voltage source and never resonant with resonant capacitor. So for two

resonant components resonant tank, tank A, B, C and D will be useful.

The characteristics of these four resonant tanks are shown below. We can see
that tank B has very similar characteristic with tank C that is widely used as

parallel resonant converter.
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Figure A.4 DC characteristic of two components tank A
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Figure A.5 DC characteristic of two components tank B
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DC Gain Characteristic of Tank C
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Figure A.6 DC characteristic of two components tank C
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Figure A.7 DC characteristic of two components tank D
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A.2. Three resonant components resonant tank

There are many possibilities for three components resonant tank. In this part,

they will be listed and classified.

With three components, there are seventeen ways to connect them as shown in

T T

L T O
RPN

Figure A.8 Components configuration for three components resonant tank

Figure A.8.

With in these seventeen configurations, 15, 16 and 17 will result to a reduced
order since two components could be replaced with one. For the other 14
configurations, with different resonant components, different resonant tank could
be constructed. Since we are looking at three components resonant tank, the
possible components used could be two Ls and one C or two Cs and one L. Three
Ls or three Cs will not result to three components resonant tank and will be
eliminated. With fourteen different configurations, there are 36 different resonant

tanks as shown below.
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Topo 1

Tank A * TankB
Figure A.9. Resonant tank for components configuration 1
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Figure A.10. Resonant tank for components configuration 2
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Figure A.11. Resonant tank for components configuration 3
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Figure A.12. Resonant tank for components configuration 4
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Figure A.13. Resonant tank for components configuration 5
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Figure A.14. Resonant tank for components configuration 6
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Figure A.15. Resonant tank for components configuration 7
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Figure A.16. Resonant tank for components configuration 8
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Figure A.17. Resonant tank for components configuration 9
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Figure A.18. Resonant tank for components configuration 10
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Figure A.19. Resonant tank for components configuration 11
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Figure A.20. Resonant tank for components configuration 12
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Figure A.21. Resonant tank for components configuration 13
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Figure A.22. Resonant tank for components configuration 15

These 36 resonant tanks could be classified in following table. They are
classified according to the input source type and output type. For example, for
resonant tank A, the input and output are directly connected, so the input and
output have to be different type. In the table, it will be list as ITV or VTI, which
means the input is current source and output is voltage source or vice versa.
Another example is tank Y, since the input of the tank is capacitive, so input has
to be current source. The output of the tank is an inductor, so output has to be

voltage source. So tank Y could only be applied to ITV.

For these 36 resonant tanks, there are 23 could be used for voltage source
input. Next we will continue eliminate some of them. For some resonant tank
here, it could not be used to regulate the output. For example, tank A could be
used for VTI configuration. Since the resonant components is in parallel with the
input, they cannot affect the power transferred to output, which means with this

resonant tank, the output could not be regulated with variable frequency control.
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For some other resonant tanks, with voltage source configuration, one or more of

the resonant components will not participate in controlling output power. For

example, in tank I, the series resonant branch is in parallel with input. The current

through this branch will not have effect on output power. So it will not behave as

three components resonant converter anymore.

Table A-1 Classification of three components resonant tanks

Tank VTV VTI ITV ITI Topo viv vri ITV ITI Topo
A \% I 1 S \% I 10
B I I 1 T I I 10
C V 2 U \% 11
D \% I 2 V \% I 11
E V 3 W \% 11
F I 3 X \% I 11
G V 4 Y 11
H V 4 Z V 11
| V 5 A1 V 12
J V | 5 B1 | 12
K \% 6 C1 \% 12
L V | 6 D1 | 12
M \% I 7 E1 | 12
N I I 7 F1 I I 12
(6] \% I 8 G1 \% I 13
P I I 8 H1 \% | I 13
Q | 9 11 V I 14
R | | 9 J1 | | 14

Total 9 14 23 9

Base on above rules, tank A, E, I, J, M, Al, C1 and I1 will be eliminated. So

the resonant tank could be used for voltage source input are listed as following:
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Table A-2 Three components resonant tanks with voltage source input

Tank VTV VTl Topo

C \ 2
D \ 2
G \ 4
H \Y 4
K \Y 6
L \ 6
0 \Y 8
S \ 10
U \ 11
\ \ 11
W \ 11
X \ 11
Z Vv 11
G1 \ 13
H1 \ 13
6 9

Next the DC characteristic of each resonant tank will be derived.

T

Tank C
DC Characteristic of Tank C
1.2
Q = Zo/R
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Figure A.23. DC characteristic of tank C
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Figure A.24. DC characteristic of tank D
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Figure A.25. DC characteristic of tank G
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Figure A.26. DC characteristic of tank H
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Figure A.27. DC characteristic of tank K

262



Bo Yang Appendix A. Two and Three Components Resonant Tanks

—

Topo L
DC Characteristic of Tank L
> 10 Ceq = C1C2/(C1+C2)
Zo = sqrt (Lr/Ceq)
Q=R/Zo
4 wr = 1/sqrt (LrCeq)

3
£
4]
Q
2
1
0
0.50 0.75 1.00 1.25 1.50
fs/fr
Figure A.28. DC characteristic of tank L
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Figure A.29. DC characteristic of tank O
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Figure A.30. DC characteristic of tank S

2.0

i Q=0.1 Leg = L1L2/(L1+L2)
Zo = sqrt (Leq/Cr)
Q=Zo/R

wo = 1/sqrt (LeqCr)
1.5

1.0

Gain

0.5

fs/fr

Figure A.31. DC characteristic of tank U
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Figure A.32. DC characteristic of tank V
Tank W
DC Characteristic of Tank W
3
Q=0.1 Leq = L1L2/(L1+L2)
i Zo = sqrt (Leq/Cr)
Q=Zo/R
wr = 1/sqrt (LeqCr)
2
&=
‘o
Q
1

0.0 0.5 1.0 1.5 2.0
fs/fr

Figure A.33. DC characteristic of tank W
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Figure A.34. DC characteristic of tank X
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Figure A.35. DC characteristic of tank Z
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Figure A.36. DC characteristic of tank G1
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Figure A.37. DC characteristic of tank H1
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In above resonant tanks, tank H, X and Z have similar characteristic as
traditional called LCC resonant converter. For resonant tank G, U and W, they

have the characteristic of LLC resonant converter.
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Appendix B.

Operation modes and DC analysis of LLC
resonant converter

In this part, different operation modes of LLC resonant converter will be

discussed.

LLC resonant converter, as a three resonant components resonant converter,
has many different operating modes. It is a multi resonant converter. During one
switching cycle, the resonant tank configuration changes. With different load
condition, discontinuous conduction mode could happen. In this part, different

operating modes in different operating region and load condition will be listed.

From the DC characteristic of LLC resonant converter, the operating of LLC
resonant converter could be divided into three regions as shown in Figure B.1. As
discussed in chapter 3, region 1 and region 2 are ZVS regions, which are preferred
for high frequency operation. In region 3, the converter is working under ZCS.
For this converter, preferred operating regions are region 1 and region 2 in order

to achieve ZVS.
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DC Characteristic of LLC Resonant Conwverter
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Figure B.1 DC characteristic of LLC resonant converter
B.1. Operating modes of LLC resonant converter in Region 1

In region 1, the converter works very similar as a SRC. But because of the

impact of Lm, there are some new operation modes for LLC resonant converter.

In this region, there are three different operating modes as load changes.

Operating mode 1 in region 1

This mode of operation is same as a SRC. Resonant components Lr and Cr act

as the series resonant tank. During whole switching cycle, Lm is clamped by

output voltage and never participates in the resonant process. This mode also

could be called as continuous conduction mode since the output current is always

continuous.

In this operation mode, Lm just acts as a passive load of series resonant tank

of Lr and Cr. The operating waveforms are shown in Figure B.2.
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Simulation waveform of Region 1 Mode 1
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Figure B.2 Waveform of operation mode 1 in region 1 for LLC resonant converter'
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Operating mode 2 in region 1

As load becomes lighter, the converter will work into mode 2. The different of
mode 2 and mode 1 is that after primary switches been switched, there will have a
time period during which the secondary current is zero, or discontinuous
conduction mode. During this dead time, primary current is clamped to the Lm

current, the resonant tank will be consisted with Cr and Lm in series with Lr.
This mode happens when following condition is met:

Lm
V.,+V.)——<Vo-n
( IN Cr) Lm+Lr

When above condition is met, when primary switches switched, the voltage
apply to the Lm is the left of above equation. If this voltage is lower than the
output voltage reflected to the primary side, the output diodes would not conduct,
only after Lm current continuous charge Cr so that above condition is broken, the
output filter diodes begin to conduct. Then Lm will be clamped to output voltage

and no longer resonant with Cr.

During this mode, Lm not only acts as the load of SRC, it also participate in

the resonant with Cr. For SRC, there is no DCM in this region.

The operating waveforms are shown in Figure B.3. Because of existence of
Lm, there are more circulating current for LLC at light load compared with SRC.

But the benefit is ZVS is ensured at light load condition.
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Simulation waveform of Region 1 Mode 2
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Figure B.3 Waveform of operation mode 2 in region 1 for LLC resonant converter
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Operating mode 3 in region 1

If load continuous reduce, the converter will works into mode 3. This mode
looks very similar to mode 2. But in fact, there are two kinds of discontinuous
conduction modes in this operating mode. First DCM happens after the primary
switches been switched as in Mode 2. But during the switching cycle, another
discontinuous mode happens. From the Lr and Lm current, it can be seen that Lr
current resonant and then clamped to Lm current before the switching action of
primary switch. This will introduce a zero current period before primary switch

action.

The operating waveforms of this operating mode are shown in Figure B.4.
From the waveforms, it can be seen that ZVS is still achieved because of Lm.
This is the major benefit of LLC converter been discussed before. With Lm, the
ZVS at light load could be maintained. Also, light load regulation is easier since

Lm is always presents as the load of the SRC.
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Simulation waveform of Region 1 Mode 3
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Figure B.4 Waveform of operation mode 3 in region 1 for LLC resonant converter'
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B.2. Operating modes of LL.C resonant converter in Region 2

This region is a very interesting region. Traditional SRC will work into ZCS
when working in this region, so there is no region 2 for SRC. For LLC, with the
presents of Lm, even when switching frequency is lower than resonant frequency

of Lr and Cr, the converter could still work in ZVS condition with higher gain.

In this region, also exist three operating modes with different load conditions.

Operating mode 1 in region 2

This is the designed operating mode for LLC resonant converter at full load.
The waveforms of this operating mode are shown in Figure B.5. The major
characteristic of this operating mode is the two different resonant time periods.
First, when primary switches switched, Lr and Cr will resonant. During this time
period, Lm is clamped by output voltage and is linearly charged. When Lr current
resonant back to the same level as Lm current, second resonant happens, which is
the resonant between Cr and Lm in series with Lr. This resonance will last till the
primary switches been switched again. During second resonant time period, the
output current keeps zero. So the output current in this operation mode is
discontinuous. As seen in the waveforms, ZVS is achieved with Lm current. This
gives us freedom to choose desired turn off current to achieve ZVS while with

low turn off loss.
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Simulation waveform of Region 2 Mode 1
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Figure B.5 Waveform of operation mode 1 in region 2 for LLC resonant converter'
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Operating mode 2 in region 2

In mode 1, the output current is already discontinuous. As load becomes

lighter, another discontinuous mode will exist.

This discontinuous mode is very similar to operating mode 2 in region 1.
When load becomes lighter, the voltage on resonant capacitor Cr will be lower
when primary switches switched. If following condition is satisfied, then the
secondary diodes will not conduct. This will introduce a zero current period on

the output current after primary switching action.

Lm
V.,+V.)——<Vo-n
( IN Cr) Lm+Lr

As seen in the waveform, the energy flows back and forth from input, which
means most of the current are circulating in this mode. Although this causes
higher conduction loss at light load, it makes the converter operating with ZVS at
very light load. This circulating current is controllable through careful design of

Lm.
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Simulation waveform of Region 2 Mode 2
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Figure B.6 Waveform of operation mode 2 in region 2 for LLC resonant converter'
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Operating mode 3 in region 2

This is a mode in region 2 happens when the load is too heavy. In mode 1, two
resonant periods exist in half switching cycle. In this mode, three modes will exist

in half switching cycle.

First two time intervals are the same as in mode 1. If load is too heavy,
resonant capacitor Cr voltage ripple will increase. If Vcr is high enough to met
following equation, the third resonant period will happen:

Lm

V. —V ) ——"
(Cr m) Lm+Lr

<V,-n

As shown in the waveforms in Figure B.7, after Lr current resonant back to
save level of Lm current, instead of clamped by Lm current, it will resonant to the
other direction. This is because of too high energy is stored in resonant capacitor
Cr that its voltage is high enough to make secondary diodes conduct. With this
mode, the switch turn off current will be less than Lm current. The risk is that the
energy is not enough for ZVS. Also, if Lr current resonant to negative, the

converter will work into region 3.
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Simulation waveform of Region 2 Mode 3
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Figure B.7 Waveform of operation mode 3 in region 2 for LLC resonant converter'

281



Bo Yang Appendix B. Operation modes of LLC resonant converter

B.3. Operating modes of LL.C resonant converter in Region 3

Region 3 is a ZCS region. In this region, the DC gain characteristic has
positive slope. As seen from the waveforms in Figure B.§8, switch is turned off
after its body diode begins to conduct. This is not a preferred operating mode for

MOSFET. In the design, this mode should be prevented.

These different operating modes will happen during the operation of LLC
resonant converter. For the discontinuous operating modes, they will not affect
the ZVS capability of the converter because of presents of Lm. During heavy load
in region 2, the converter will come into ZCS. As discussed in over load

protection, applying clamped LLC resonant topology could prevent this.
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B.4. DC analysis of LL.C resonant converter

In this part, two aspects will be addressed. First is the DC characteristic. DC
characteristic is the most important information for the converter design. With DC
characteristic, the parameters could be chosen; the design trade offs can be made.
For LLC resonant converter, the DC characteristic will draw the relationship

between voltage gain and switching frequency for different load condition.

Traditionally, fundamental element simplification method was used to
analysis the DC characteristic of resonant converter. The fundamental element
simplification method assume only the fundamental components of switching
frequency is transferring energy. With this assumption, the nonlinear part of the
converter like switches, Diode Bridge could be replaced with linear components.
The simplified converter will be a linear network to analysis. So with this method,
the DC characteristic could be derived very easily. And the result will be a close

form equation, which is easy to use.

For LLC resonant converter, the simplification could be done as shown in

Figure B.9.
Q1_|
Vin__ Lr Cr ni1 D1 Lr Cr
© E |
> Cf Ro Vin
QZ_I[—}L Lm .%3 i |j‘> Lm Rac Vo
D2 °

Figure B.9 Simplified topology with fundamental component assumption
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With this simplified circuit model, the DC characteristic could be get as:

VO _ .]anl

Vin

jw,0+1- roa-0H0,- S
o, r

o, : Normalized switching frequency

[Lr
20, |—
Cr

. . Lm

0, :Ratio of two resonant inductance —

r

R,.: Equivalent Load Resistance %Ro -n’
r

o

2 o

For this method, there are some limitations. Because this method is a
simplified method, error will be generated with different operating point. When
the current waveform is not sinusoidal and contains more high order harmonic,
this method will generate high error. To evaluate this error, a more accurate DC
characteristic is needed. Here simulation is used to derive the accurate DC gain
characteristic. A time domain switch circuit model is built in simulation software.
By changing the switching frequency and load condition, a output voltage can be
get for each point. Sweep load and switching frequency, an accurate DC
characteristic is got. The results of these two methods are shown in following

figures. And the error is also shown.
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Calculated DC Characteristic of LLC
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Figure B.10 DC characteristic from simplified model

Simulated DC Characteristic of LLC
40 H

—a—Qs=0533
25 ——Qs5=0300| |
'\\ —=—Qs5=0.170
3.0 —&—Q5=0.095| |
5\\ —%—Qs=0.053
g ?®
3
> 20
15
10
0.5 T T T T T T T
050 060 070 080 080 100 110 120 130

fsifr

Figure B.11 DC characteristic from simulation method
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Error of Simplified Model
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Figure B.12 Error of simplified circuit model

From the error it can be seen that, when the switching frequency equals to the
resonant frequency, there is no error. When the switching frequency is moving
away from resonant frequency, the error will be high. This can be understood
from waveform also; when the circuit works at resonant frequency, the current
waveform is exactly sinusoidal, so simplified model doesn't have any error. When
switching frequency is away from resonant frequency, high order harmonic

content will increase, which will affect the accuracy of the simplified model.

For the design of LLC resonant converter, the trade offs are more affected by
operating point with maximum gain. With simplified model, large error will be
introduced. Simulation gives accurate results; the issue is that it is time

consuming. A better method is to combine these two methods. During primary
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design, use simplified model to get a range. To optimize the design, simulation

method is preferred to get a better design.
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Appendix C.

Small signal characteristic of SRC
converter

C.1. Small signal characteristic of SRC

The circuit parameters for SRC used in the simulation are shown in Figure

C.1. The small signal characteristic get from simulation are shown in Figure C.2.

f sg(%kH
%} ‘Geas
Vin 28uH 22nF i

p o Ll

O é 220 | %

1 :
4" T
L4 i
Driver V

=

Figure C.1 SRC circuit for small signal analysis

In the graph, the x-axis is the frequency of the perturbation signal as in bode
plot; y-axis is the magnitude in DB or phase in degree, and z-axis is the running
parameter, which is the switching frequency. This is because for resonant
converter, to regulate the output voltage, the switching frequency will be varied.
For different switching frequency, the small signal model will be different. From

these results, following things can be clearly identified:
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1. Beat frequency double pole. This is a special characteristic for resonant
converter [5][6]. As switching frequency changes, a double pole with frequency
at the difference of switching frequency and resonant frequency will move
accordingly too. Finally, when switching frequency is close enough to resonant
converter, this double pole will split, one merge with low frequency pole formed

by output cap and load, one move to higher frequency.
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10° o
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Figure C.2 Bode plot of control to output transfer function of Series Resonant Converter
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2. Beat frequency dynamic. Since the low frequency gain is proportional to
the slope of DC characteristic of series resonant converter. When the operation
frequency moves close to the resonant frequency, the slope gets flat and low
frequency gain drops. When switching frequency equals to resonant frequency,
the gain will be zero. As can be clearly seen on the graph, when switching
frequency is close to resonant frequency, the control to output gain will be very
low. A gap can be observed on the graph.

3. The phase has a 180-degree jump around resonant frequency. This is
because of the change of the DC characteristic slope. Switching frequency lower
than resonant frequency, with increasing switching frequency, gain will
increase, so the phase delay at DC will be zero. When the switching frequency is
higher than resonant frequency, as switching frequency increases, gain will
decrease, which will give 180 degree at DC.

4. Low frequency pole, which is caused by the output capacitor and load.

With lighter load, this pole will move to lower frequency.

There should have an ESR zero if ESR of the output capacitor is considered.

Here in this simulation, ESR is neglected.

From above simulation results, the small signal characteristic of a series
resonant converter is derived. Beat frequency double pole and beat frequency
dynamic are observed. Compare with results reported in [6], a very good match is

achieved. From this result, we can be more confident with the method. These
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results also will be used as a reference to compare with LLC resonant converter

since it is very similar to SRC in some operating region.
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Appendix D.

LLC converter model for EDF analysis

In this part, the model file and software package for extended describing
function analysis will be listed. This software is written in MATLAB. This
appendix is divided into two parts. First part is the process for building the model
file for extended describing function analysis. In the second part, the LLC model
file for extended describing function analysis at listed. The software package for
extended describing function could be found in dissertation of Dr. Eric X. Yang.

The version used for the analysis is MATLAB 5.0.

D.1. Process of building LLC circuit model for EDF analysis

To build the model of the converter for describing function analysis, first the
operation of the converter need to be understood clearly. The operating stages in
each switching cycle need to be identified. For each operating stage, the state

space needs to be derived. Base on this information, the model file could be build.

In this part, the operating modes of LLC converter at full load condition will
be analyzed in region 1 and region 2. Region 3 is eliminated because of ZCS

operation. At light load condition, the converter might run into DCM. Since DCM
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operation will introduce many more operating modes, it is not included in this

model. The circuit and notifications are shown in Figure D.1.

lo
| .
Qf E} ! "
-I Rec |
Ver  Lf 0
2

Vin

C—D L“ : WIU 3 “ +v ngo CD
. - l np. ns T c
L&e

le

Figure D.1 Circuit diagram and notification for extended describing function analysis

In this circuit, there are four passive components: Lr, Cr, Lm and Co. Four
states could be chosen for each components as: Iy, I1m, Vcr, and Ve,. But look at
the topology; the current through output is the difference of two states, Ir; and Ipm.
Also, the converter changes stage if Ij,-I1,, changes sign as will shown later. For
simplification, the states were chosen as: Ij;-Iym, Iim, Ver, and Ve,. As shown in
the circuit, the input variables are Vin and lo. The output variables are lin and Vo.
With these variables the state equations in each region could be derived in the

form of:

X =Ax+ Bu
y=Cx+Du
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/
X= (lLr “lm Um Ver VCf)

’

where u = (v, i)

’

y = (Va iin)

D.1.1. Model of LLC resonant converter in region 1

The simulation waveforms of LLC resonant converter in region 1 are shown
in Figure D.2. The operation in this region could be divided into 4 different modes
as shown in the diagram. The simplified topology in each mode and the condition

for transferring from one mode to next mode is shown in Figure D.3.

x 3 me

Gate I,

| 1.0u 2,0u 3.0u 4,0u

Figure D.2 Simulation waveform of LLC converter in region 1
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Figure D.3 Topology modes and progressing condition for region 1

The state equations for each mode are shown as following.

Mode 1
(RstR_R R 1k k|
Lr Lm Lr Lr Lr Lm
R o o -k
A= Lm Lm
1 1 0 0
Cr Cr R=Ro//Rc
_k 0 0 __k = R
L = R-CS | Where R+Re
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Mode 3
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D.1.2. Model of LLC resonant converter in region 2

The simulation waveforms of LLC resonant converter in region 2 are shown
in Figure D.4. The operation in this region also could be divided into 4 different
modes as shown in the diagram. The simplified topology in each mode and the

condition for transferring from one mode to next mode is shown in Figure D.5.
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Figure D.5 Topology modes and progressing condition for region 2
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The state equations for each mode are shown as following.

Mode 1
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0 R
0 0

With above information, the model file could be written as shown next.

D.2. LLC resonant converter model

Following is the model file for LLC resonant converter. It covers the
operating region 1 and 2. Region 3 is now covered since it is ZCS and not
preferred for this converter. This model file only deals with the normal operation
mode. During very light load condition, the converter might work into different
discontinuous conduction modes. To cover these operation modes, the model file
needs to be extended. The method of building the model file is demonstrated in

chapter 4.

% Name: topo.m -------- LLC topology for continuous condition mode
% Build by: Bo Yang, Dec. 2001
% Function: define converter circuit, operating condition,

% and switching boundary condition

% Input: CP ------------ Circuit Parameters

% X —-------——--- current state vector

% U ------------- current input vector

% contl --------- control parameters

% cur_mode ------ current topological mode

% [ e T current time

% Output: num _mode ------ # of modes in one cycle

% Para ---------- Circuit Parameters

% X0 ------------ initial condition

% U0 ------------ given input vector

% CTL ----------- Control Parameters

% harm tbl ------ harmonic table (see Chap.3)

% switching ----- 1 = not cross switching boundary
% -1 = cross switching boundary

% A, B, C, D ---- state matrices of current mode

% Ab,Bb, Cb,Db---- boundary matrices of current mode
%

% Calling: none

function [RT1, RT2, RT3, RT4, RT5, RT6, Bb, Cb, Db, Fo, Zo]
= topo(CP, x, u, contl, cur mode, t)
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$E5555555%55%5%%%%%%%  State Equation Description $%%%%%%%%%%%%%%%%%
% Input U = [Vg, Iol;

% Output Y = [Vo, Igl;

% State: X = [Ilr, Ilm, Vcr, Vcf]l;

% define # of mode and dimension of output
num _mode = 4;

% define harmonic table

% dc 1st 2nd 3rd 4th 5th

harm tbl = [0 1 0 1 0 1 0 1; % Ilr-I1lm -- 1lst state
0 1 0 1 0 1 0 1; % Ilm -- 2nd state
0 1 0 1 0 1 0 1; % Vcr -- 3nd state
1 0 0 0 0 0 0 0] ; % vo - 4rd state

[

% define circuit parameters: [Lr; Cr; Lm; Cf; rs; rc; Qsl]
Para = [22.5e-6; 28e-9; 60e-6; 20e-6; 0.01; 0.01; 0.5];

% define initial condition
x0 = [0; -5; -300; 190]; % [Ilr-Ilm; Ilm; Vcr; vecf]

% define Input variables
U0 = [200; 0]; % [Vg, Io]

% define control variables

CTL = [0.99*200e3]; % Fs; Frequency control
if nargin == 0,

RT1 = num mode;

RT2 = Para;

RT3 = x0;

RT4 = UO;

RT5 = CTL;

RT6 = harm_tbl;

return;
elseif nargin == 6,

Lr = CP(1);

Cr = CP(2);

Lm = CP(3);

Cf = CP(4);

rs = CP(5);

rc = CP(6);

Qs = CP(7); % Qs=Zo/R;

Fs = contl (1) ;

% Some parameters

Zo = sqgrt (Lr/Cr); % Zo

Fo = 1/(2*pi*sqgrt (Lr*Cr)) ; % Fo=200 kHz;
R = Zo / Qs;

o°

Fsn = Fs / Fo;
k =R / (R+xc);
r = k * rc;
Ts = 1/Fs;

% define switching boundary conditions

if cur mode == 1,
Si=1; % rectifier polarity
St=1; % active bridge polarity

o

% set crossing boundary flag
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if x(1) < 0.0 ,
switching = -1;
else
switching = 1;
end
% define piecewise linear state equations
A = [(-rs-r)/Lr, -rs/Lr, -1/Lr, -k/Lr;
r/Lm, 0, 0, k/Lm;
1/Cr, 1/Cr, 0, 0;
k/CE, 0, 0, -k/R/CE];
B = [1/Lr, -r/Lr;
0, r/Lm;
0, 0;
0, k/Cf];
c = [r, 0, 0, k;
1, 1, 0, 0];
D = [0, r;
0, 01;
% switching boundary condition:
%$ Ab * x + Bb * u + Cb * t + Db < 0
Ab = [1, 0, O, O];
Bb = [0, 0];
Cb = 0;
Db = 0;
elseif cur mode == 2,
Si=-1;
St=1;
if t > 0.5 * Ts;
switching = -1;
else
switching = 1;
end
% define piecewise linear state equations
A = [0, 0, 0, 0;
0, -rs/ (Lm+Lr) -1/ (Lm+Lxr), O;
0, 1/Cr, 0, 0;
0, 0, 0, -k/R/CE];
B = [0, 0;
1/ (Lm+Lr) 0;
0, 0;
0, k/Cf];
c = [0, 0, 0, k;
1, 1, 0, 01;
D = [0, r;
0, 01;
Ab = [0, O, O, O];
Bb = [0, 0];
Cb = 0;
Db = 0;
elseif cur mode == 3,
Si=-1;
St=-1;
if x(1) > o0,
switching = -1;
else,

switching = 1;
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end,
% define piecewise linear state equations
A = [(-rs-r)/Lr, -rs/Lr, -1/Lr, k/Lr;
r/Lm, 0, 0, -k/Lm;
1/Cr, 1/Cr, 0, 0;
-k/Cf, o, 0, -k/R/CE];
B = [-1/Lr, r/Lr;
0, -r/Lm;
0, 0;
o, k/Cf];
Cc = [-r, 0, 0, k;
-1, -1, 0, 01;
D = [0, r;
0, 0];
Ab = [-1, 0, 0, 0];
Bb = [0, 0];
Cb = 0;
Db = 0;
elseif cur mode == 4,
Si=1;
St=-1;
if t > Ts,
switching = -1;
else
switching = 1;
end
% define piecewise linear state equations
A = [0, 0, 0, 0;
0, -rs/ (Lm+Lr) -1/ (Lm+Lr), O;
00, 1/Cr, 0, 0;
0, 0, 0, -k/R/C£];
B = [0, 0;
-1/ (Lm+Lr) , 0;
0, 0;
0, k/Cfl;
c = [o0, 0, 0, k;
-1, -1, 0, 01;
D = [0, r;
0, 01;
Ab = [0, O, O, O];
Bb = [0, 0];
Cb = 0;
Db = 0;

end

RT1 = switching;

RT2 = A;

RT3 = B;

RT4 = C;

RT5 = D;

RT6 = Ab;

return;

else,
error ('ERROR USE OF TOPO()!!");

end
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