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with the increase in frequency creates current dimogv Therefore, in order to fully

utilize the wire, the skin depffz) needs to be calculated.

0.0662
£ =

77 [m] [1] (4.5)

Where(¢) is defined as the distance below the surface tflamdurrent density has fallen
to 37 percent of its value at the surface [10].r&€fare, using equation 4.5, the skin depth

for our maximum operating frequenfys= 60kHz would be:

0.0662
£ =———==27e"*[m]

" V60kHz

Therefore, a radius of equalsge= 2.7e"*m would approximate the wire size of 30
AWG. Based on industry recommendation and additiamasideration for design
margin, 38 AWG size of wire was selected. Next stepld be to determine the number
of strands of 38 AWG wire needed to have in ordecdrry the full current without an
excessive copper loss. With the intention of kegjtive copper loss to no more than 3x
of the core loss, or <100w of loss, a 4 AWG equmallitz wire is assembled using
approximately 2,625 number of strands. From theufaturing datasheet, a 4 AWG
equivalent litz using 38 AWG strands of wire hawerdsistance at = 0.928Q/1000m.
The approximate required length of wire neededhenprimary side of the transformer,

based on the number of turn and core used is ~4.9m.

Therefore, the copper loss on the wire is:

0.9280
R, =

2y —
1000m> 49m * (150%) = 102 W



40

However, for ease of manufacturing the transforamer a tighter control over the leakage
inductance, two 8 AWG litz wire in parallel haveebeselected to replace the 4 AWG litz
wire of the primary side of the transformer. Willmast double the number of turns on
the secondary, use of one 8 AWG litz wire couldultem a similar performance as the

primary side.

4.2  Transformer Simulation Analysis

Following the different design iterations, and cddt¢ions of section 4.1.1, the

final specification of the high frequency transf@mhmas been developed.

TABLE 4-2: HF TRANSFORMERSPECIFICATION

[tem Rating Unit
| Primary Turns | 14 | Tumns |
| Secondary Turns | 26 | Tumns |
| Primary winding | 2x8 | AWG |
| Secondary winding | 1x8 | AWG |
| Gap L2 L Mm |
| Leakage Inductance | 7 | uH |
| Magnetizing Inductance | 200-300 |  uH |

Using the specifications in Table 4-2, a modelhef high frequency transformer
was developed using Ansoft® software tool. A 2npacer material was also been

added to develop the expected leakage inductasaoé.re
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-

Figure 4-4: Ansoft high frequency transformer magghg “UU” shape ferrites.

Simulation of the model was also done using PE®psedftware, in order to compare the
result with the expected value. Figure 4-5, showsinaulation of the magnetic flux
density, which showeB,,,, = 0.1371 T. Similar result was found during calculation of

B4y USINg equation 4.3 above.

Figure 4-5: Magnetic field density model in higkeduency transformer.
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CHAPTER YV

5. CONTROL ARCHITECTURE

One of the main requirements that initiated thiseegch is the need for a regulated output
voltage. Therefore, regardless of the topology perating mode chosen, the high frequency
power distribution unit needs to guarantee a reégdlautput voltage. This includes maintaining

a specification of 700VDC +/-5% across the fullputtioad range including 100 kW step load.

TABLE 5-1:HIGH FREQUENCYPDU SPECIFICATION

Item Rating Unit
| Input Voltage || 600 +/-30% | vDC |
| Output Voltage (including transit) || 700 +/- 5% | vDC |
| Average Output Power | 15 | kw |
| Peak Output Power | 150 | kw |
| Minimum Output Power | 100 | W |

51 HFPDU Control Scheme

The high frequency PDU controller is a classicaltage-current cascaded loop,
where the error from the output voltage loop becomeirtual current reference. The two
loop concept shown in Figure 5-1 works by corregtihe output voltage by way of
adjusting the resonant current using proportiomal eategral (PI) controller. Since the
current experiences less delay than the voltage,twio-loop approach tends to have
better dynamics than voltage-mode control along] [A addition, due to the extremely

high step load requirement, output load current lbeen used to create a feed-forward
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signal to improve HFPDU transient response. Rebsory, the additional output current
information gives early update on the output loadole the effect is shown in the

voltage feedback.

State
Machine

Vidok

e

Figure 5-1: HFPDU control scheme using cascadeedap control.

5.2  HFPDU Control Modeling

Matlab/Simulink model was developed based on thevealmentioned control
scheme together with the LLC resonance convertar was discussed in Chapter Il
Small output pre-load together with a switch colteb135 kW resistive step load were

used for simulation.
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Figure 5-2: HFPDU Matlab/SIMULINK model of LLC tofmgy and controller.

Figure 5-2 (below) shows the start-up waveformhef HFPDU. High gain is expected
during start-up, due to the high voltage differebeéween the output and the input DC
volt. Therefore, in order to provide soft starndtion, a controlled ramp has been
incorporated in the input command. As a resultpadgcontrolled ramp to the output
voltage is shown in the figure below, followed bycantrolled resonant current and

inverter PWM voltage, respectively.

Output voltage

oo

ol e

Figure 5-3: HFPDU simulation results during stgst-u ™s)
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TABLE 5-2: SPEC FORINPUT DOMAIN WITH DEGREE OFFREEDOM

[tem Value Degree of Freedom Unit
| Input Voltage | 600 | +/-30% | vDC |
| Leakage Inductance | 7 | +-14% | uH |
| Resonant Capacitor | 4 | +/-10% | uF |
| Output Capacitor || 10,000 | -/+10% | uF |

Output voltag

()

The items from Table 5-2 were set to vary withiaitldegree of freedom, and a total
of 81 different combinations of runs were perform&tjure 5-5 shows step load of
135kW, while the converter were at a steady stdtie tive output loaded at 15kW. After
completing the 81 runs, the maximum measured ptagendroop values were

aggregated, and 2.2% was determined as the maxomop value.

E Figure 1 _'m'x [ Figure 2 B

Eile Edit ¥iew |nsert Tools Desktop Window Help £ Eile Edit View [nsert Tools Desktop Window Help ¥

NE e |AR0DEL- (2| 08| 0D DA RARODEL- (S| 0E aD

Fali] 1Y

708

No. of droop

700

695

630

685

a
14 1.8 1.6 1.7 18 18 2 21 2.2

EEDU 2 4 B & 10 1z 14 16 Woltage Drop During 135kW Step Load [ % ]

Time Voltage
(ms) droop (%)

Figure 5-5: Monte Carlo Analysis of HF PDU TransiBesponse when 135 kW load

were added, and droop measurement in percentage.

Similarly, once the converter is at steady staté wWie output loaded at 150kW load, any

sudden removal of the load will result in some ¢rant response. Using values from



Output voltage

V)
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Table 5-2, similar Monte Carlo result shows in Fg®-6, the max rise on the output

voltage was less than 2%.

Fle Edit View Insert Tools Desktop Window Help

NEds|b[FaU9e4- |3/ 08|aD
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i1

Figure 1 -mx ) Figure 2 - o x
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Eile Edit View |Insert Tools Desktop Window Help k]
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Y

No. of rise
I
s

2 125 13 135 14 145

Waoltage Rise when 135kW Load is Removed [ % ]

Time Voltage
(ms! rise (%)

Figure 5-6: Monte Carlo Analysis of HF PDU TransiBesponse when 135kW load is

removed and voltage rise measurement in percentage.
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CHAPTER VI

6. THERMAL ANLYSIS

Thermal analysis is a fundamental issue in poweweder design, since it is
instrumental in determining the most convenientiamng power device. The associated
heatsink and choice of cooling method are striothated to the basic requirement for
keeping the junction temperature below the maximasimissible value [6]. In this
chapter, we will identify the converter's sourcela$ses, and discuss the simulation of

the thermal performance for the selected heatsink.

6.1 L oss Calculations

There are primarily two sources of losses on thBTIG used for the resonance
converter. They are classified as switching lossgsconduction losses. In setting up the
experiment for thermal analysis of the convertesingle heatsink with a size of 150 mm
x 380 mm was selected. The heatsink will be shasetivo IGBT modules, with each

consisting of 2 IGBTs, and two diode modules, whatso consist of 2 diodes each.

As previously discussed, the selected LLC resonanogerter will not have any turn on
loss due to super-resonance operation. Howeveag thil be some turn off losses. The
section on softstart operation shows techniqueselducing or eliminating these turn off

loss. Manufacturer of IGBTs or similar devices pd@s an energy turn on and turn off
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estimate loss for corresponding current. Figureshdws both the turn on and turn off

losses for PowerEx CM600DU-24FH IGBTs. To determspecific £, ) value, the

resonant current will have to be determined throsighulation of the model. Based on

the difference in the operation of the leading degging sets of IGBTs, a separate

analysis will be required.

102

Ve = 600V
- Vge =15V
R; =0.520
_TJ =125°C

Inductive Load
|~ C Snubber at Bus ﬁ“
— ESW(on) ,"

-,
== Eswiof) 9'?‘

SWITCHING LOSS, Egy cn» Eswiofy (MV/PULSE)

100
101 102 103
COLLECTOR CURRENT, I, (AMPERES)

Figure 6-1: PowerEx CM600DU-24FH switching lossaalector current.

We begin with the leading leg, which uses a snulcheacitor to reduce the switching
losses. In this case, in order to include the chipé the snubber capacitor, we apply a
reduction factofK equction1), Which is a function of the snubber capacitor, the

commutation current, the commutation voltage andtctimg characteristics of the

devices [2].

Psw _teaa = Kreduction1 (fxEofflead) (5.1)

While the conduction loss, also called the satarelbss, of the IGBTs can be calculated
using the saturation voltagé’,,;) found in the manufacturing datasheet. Due to the

nature of phase shifting, the leading leg will matinave lower saturation loss as a result



50

of freewheeling state. The leading leg uses thedio the module, which has much
lower order of conduction loss, to circulate cutréss a result, the current on the leading

leg can be considered roughly half. Similarly, tbés be expressed in a reduction factor
(Kreductionz)

Psat 1eaa = Kreauctionz (VsatXImean) (5.2)
As previously mentioned the total losses on theTG®8Il be the sum of the conduction
and switching loss.

PicBr 1eaa = Psat_tead + Psw_ieaa (5.3)

However, the loss in the IGBT module also includbe parallel diode, which is
uncontrolled and consists of conduction losses .onhe diode forward drop

voltage(V.g) is also found in the manufacturing datasheet.

Peondpiode = (VCExImean) (5.4)

WherePconapiode = Pieaa_piode

Finally, the total loss of the IGBT module is thersof the losses for two IGBTs and two
freewheeling diodes. This provides the power loskier needed for heatsink thermal

analysis.

Pleading_IGBT_module = PIGBT_lead + Plead_Diode (5-5)

Similarly, we conducted analyses of the lagging legere the IGBT module benefits

from ZCS or near ZCS operation.

Once losses from IGBTs and diode gets totaledihtenal impedance would need to be

analyzed to make sure junction temperature ist®ilbw the maximum allowable value.
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Figure 6-2 shows a simple model of thermal intexfflom the junction temperature to
ambient temperature. WheR.(;-)), which is in°C/w, is the thermal resistance
between the junction and the module case. The raatuwrér of the IGBT and diode,
inside the module, provides this value. Series eotion of thermal resistance of the

thermal interface and the thermal resistance of the

materi@R pc—n))
heatsink(R:,n-q)) Can highlight the relationship between the ambtentperature and

the virtual junction temperature.

Tj IGBT Tj Diode

Rth(j-c),
Diode

Rth(c-h)

Rth(h-a)

TA

Figure 6-2: Simple model of the IGBT module theriéérface.

An excel file was developed based on the abovetemsaat different operation
points. Also included in the equation is the expdctuty cycle from CT machine

operation, which results in the heatsink tempeeastnown in Table 6-1.

TABLE 6-1: CALCULATED LOSS AND EXPECTERJUNCTION TEMPERATURE

Power Frequency Peak Power Power Heatsink Junction
Current leading Lagging Temp Temp
|15kW || 47kHz || 165A | 303.1W| 371.2 W| 47.1°C | 57.6°C |
[75kwW || 41kHz ][ 470A ][ 733.7W]| 13035W| 67.6°C || 66.0°C |
[115kw ][ 39kHz || 600A ][ 995W | 1750 W[ 65.1°C || 94.0°C |
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6.2  Heatsink Temperature Simulation

Using results from Table 6-1 above, a selectedshdacoupled with three fans
each running at 150 CFM were thermally simulataduie 6-3 shows the steady state

heatsink temperature with the converter runnintbatW of load.

Figure 6-3: Simulation result from 15 kW averag&vpoof HFPDU.

Next, a thermal simulation of the heatsink was dimmgransient response. In this setup
60 kW load was introduced for 60 seconds, oncehdasink have reached steady state
temperature on 15 kW average. The maximum measigasink temperature is found to

be67°C.

Heatsink temperature

(c)

Time (s

Figure 6-4: Simulation result from 15kW averagespgd@kW for 1 minute.



53

Finally, 115 kW step load that has 5% duty cycleeveimulated after the heatsink
reached steady state running 15 kW average lo@ts. maximum heatsink temperature
is found to be5°C, which puts the junction temperature belb®0°C leaving

over25°C of margin from maximum allowable junction temperat

Heatsink temperature

‘o)

A

Ill.l‘\ ‘E ‘

Time (s

Figure 6-5: Simulation Result from 15kW Averagesplii 5kW for 2 seconds.
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CHAPTER VII

1. ELECTROMAGNETIC COMPATIBILITY

One of the main concerns of replacing 60Hz tramséor by high frequency
transformer is the introduction of switching dewcen the primary side of the

transformer. These switching devices are the reaabler of this technology, yet are of

potential concern for electromagnetic noise dubigdnd”/dt. The discipline of EMC

has often been accused of being a "black attérein measures used to reduce the
effect of a potential interference source asdfectual [3]. This is typically due to lack
of understanding on the source of noise, or theidam effect to the overall conducted
emission contributor. Figure 7-1, below shows tliece of differential-mode and
common-mode current, and the frequency range wtierg are most dominant. This

helps determine the potential source of noise,na@ans of mitigation.

- Differential-
Differential-mode | Common-made |

. —»l4—— component mode
component dominant dominant component

dominant

150 kHz 1 MHz 30 MHz

Figure 7-1: lllustration of the dominance of on@docted emission component over

another in the contribution to the total emissiéh [
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7.1  Filter Design

To limit excess amount of conducted emission thotlnghinput power line, line
filters possible on both the AC side and the retifDC section, would be required.
However; to make matter more challenging for tlopology, medical grade power
supply falls under strict leakage current requireteeThis means that the filter design
will be limited by the size of capacitance to grduhcan use as part of the filter. Figure
7-2 (below) identify possible path of current toognd on the primary side of the

transformer.

Figure 7-2: Primary Side Earth leakage Current Path

The maximum allowed capacitor to ground on the Ade £an be calculated using the

line voltage, line frequency, and maximum eartlkédege current.

Iy = 2o = Lin (7.1)

cap — 5 T 2nfc

Wherel, s max = 1mA per capacitor

1mA
~Cmax = ——— = 10nF
277%21%60

Similarly the maximum allowed capacitor to groumd the DC side can be calculated

using equation 7.1. However, due to 6-pulse reetiibn, the ripple frequency will be
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360Hz, while the ripple voltage would be around 7008SumMingl;,s max = 1.5mA per

capacitor for the DC side

c B 1.5mA _ onF
M = e 2r <360 't

Therefore; this sets the precondition on any fidlesign to have a capacitor value no
more than 10nF to ground on the primary side. Satiars were also conducted to check
and see if the above calculation produces the ¢sgdeakage current. Figure 7-3 shows
the current from each phase to ground = 1.5 mA,dwvaewthe total current to ground

becomes 0 mA. This is due to the assumption irsimellation were all the 3 phase are

balanced, and the result would be zero due to pteseelation.

(mA)

Leakage currel
-
—
==
e
i
ot

=
—
e
=

0 ol
Time (s

Figure 7-3: Leakage current on 3 phase AC linetduime frequency.

Followed by a simulation on the DC side, resulteéakage current from line to ground

=1.6mA

Leakage current

(MA)

® o
Time (s

Figure 7-4: Leakage Current measurement on DCibegslue to line frequency.



57

Based on the precondition for the filter designg amformation regarding the dominant
source of noise, LTSpice simulation of EMC filteasvconducted for both common-

mode and differential mode noise.

Common-mode noise is when current flow out on akg® conductors and return on
ground mostly though parasitic capacitors. Figutelbelow shows common-mode noise

source together with common-mode noise filter aroéh

o B WE
Lad 0Am

Kilzlaoa

Figure 7-5: Common-mode noise simulation modelgiéidnF capacitor to ground.

The result from the common-mode filter model sh@esd insertion loss above 1 MHz
frequency, which is greater than -36dB. Basedrégi:1 on the expected dominant noise
contributor, the common-mode filter is expectedht@ve significant contribution in
reduce the overall EMI measurement in the frequemicynterest for common-mode

noise.

Frequency (Hz)

Figure 7-6: Insertion loss from the proposed LT8piwdel of common-mode filter.
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A similar filter model was also developed in LTSpifor the differential-mode noise,
which is when current flows out of a phase conaoluahd returns on another phase.

L qes

Measurment_ pt

: Noise_from_Hbridge
50 = +C2 +C3

-
=
=4
31
7
Bl
7

L4 S0 | o |TM 200p AC1

_[er K1L3L40.9

cosgon : BEEL L .ac dec 20 100k 30000k

Figure 7-7: Differential-mode noise simulation mbdging 10nF capacitor to ground.

The result from the differential-mode filter modd#to shows good insertion loss across
the full frequency range (100 KHz — 30 MHz) for doeted emission. With the

minimum insertion loss of -40dB, this simulatedteil contributes in great deal in

minimizing the overall EMI measurement.

Gain(dB)

Frequency (Hz)

Figure 7-8: Insertion loss from the proposed LT8piwdel of differential-mode filter.

7.2  Préiminary Conducted Emission Test

Conducted EMI from switching devices can be narawidband broadband. The
latter is caused by diode recovery, re-conducteliated emissions and other, mostly

parasitic phenomena, which are difficult, even isgble to predict theoretically. The
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way to minimize the broadband noise is to follonwododesign practices, i.e. proper
layout, grounding, switching etc. If these are duled, the broadband emissions are
unlikely to exceed the standard limits [8]. Forstthesis, a prototype was put together to
get a preliminary result of conducted emission @®igth a caveat that the result is very
dependent on the specific packaging of prototypkis requires an understanding of the
types of noise being produced, and the noise path r@sult of parasitic of the package

that need to be well understood.

A preliminary measurement of conducted EMI was dargng line impedance
stabilization network (LISN) in accordance to Camitnternational Spécial des
Perturbations Radioélectriques (CISPR 11) spetificaThe above simulated line filter
has been put to the test, and have shown promisaglting related to conducted

emission of high frequency PDU architecture.

1100

100.0

Carrected Valtage (dBuV)

400 l(\ \ \I'

- L‘ / I ) H \rll I‘w‘ J‘IJ; 'IMMI ‘ﬁJ”I IM ll\

|

3 |
100.0K 1.0M 10.0M Li it _ 4_AV
Frequency (Hz) — Limit_Select_aP

Figure 7-9: Preliminary quasi peak conducted emissieasurement result of proposed

topology shows -11dB margin from quasi peak limit.
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CHAPTER VIII

8. EXPERIMENTAL RESULT

To show the validity of the design procedure présgim this thesis, the proposed
LLC resonant converter topology have been built sesded. This chapter presents the
first HFPDU prototype, and test result of the ptgpe to demonstrate conformance of
the design to the requirements and expected refsaits simulation. Figure 8-1 shows
the overall package of the first HFPDU prototypéhwa shown significant reduction in

size, with height less than 200 mm.

What was not discussed on this thesis report, bubfi an important part
contributor to the overall performance, is the gesind implementation of control board.
The first prototype uses an FPGA based control dbdliat is not only used for
monitoring but also control the resonance convetteaddition an isolated gate driver

has been used to drive the gate signals from FPGAIssignals.

Figure 8-1: First HFPDU prototype built accordimghe proposed topology.
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8.1 M easurement Setup

A picture of the major components on the first HEPPrototype is shown in
figure 8-2. It is mainly composed of FPGA contbalard, gate driver board, isolation
transformer, 3-phase full bridge rectifier, full Bidge configuration, output full bridge
diodes, and fuses. This is consistent with theildethematic shown in chapter Il of this

thesis report.

Isolation
transfomer Control board

Full bridge
diode

Diode
bridge

Figure 8-2: Overview of the main component of tingt HFPDU prototype.

Before applying any power from the prototype, propafety precaution must be taken
due to the presence of lethal voltage. In ordercabtiect both voltage and current

measurement a Tektronic TDS5000 digital oscillogctygether with high voltage prop
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were used. For the experiment result, PWM outplibge, resonant current, and output

regulated voltage are presented.

82 Converter waveforms

Because of the difference in voltage between tpatjrand the output voltage at
the beginning, the converter will see very highngafs a result, given the same control
law, the expectation is a very high inrush currdating startup. Therefore; for this
research a controlled ramp command were introduoetiring up the voltage in a
controlled manner. Figure 8-3 and 8-4 show the omedsresult where starting from the
top to bottom, a controlled output voltage ramp, MWutput voltage, and resonant
current respectively. The initial start up wavefoghows the output PWM being at
maximume freqeuency, and minimume pulse width. aAsesult the output resonant

current is very close to zero, thus limiting thepau power.

Eile Edit “ertical HorigfAcg  Trig  Display Cursors  Measure  Masks  Math  MyScope  Utlities  Help

Tek Run 2 hons 5 Dec -
v BLItons

FPosition

Outputvoltage

Output voltage

W)

OutputPWM

Resonant curre

Resonant curre PWM  voltage
(V)

(A)

Time (mg)

Figure 8-3: HFPDU initial pulse waveform duringrsig.
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Figure 8-4 shows HFPDU during start up at 3 kW atutpod. The output voltage have

followed the command ramp by limiting the resoarmantent in accordance to the output

load.

Eile Edt Vertical Horizfdcg Irig Display Cursors Measure Masks  Math MyScope  Ubiities  Help
Tak flo 21752 Outputvoltage
Coauer

Output voltage

(V)

OutputPWM

PWM voltage

(%]

Resonant curre

Resonant current

(G

Time (ms)

Figure 8-4: HFPDU startup waveform with a contrélfamp on the voltage.

Finally converter steady state waveform is preskemdigure 8-5 below, where the
output is connected to 15 kW of load. Similarlyrfréop to bottom, figure 8-5 shows, the

regulated 700 VDC voltages, PWM output voltage, @sbnant current respectively.

File Edit Vertical Horiziécg  Irig  Display Cursors  Measure  Masks  Math MyScope  Ubiities  Help Output Vo|tage
10:11

Tek  Run Sample 1 &oigs
——

Factor

OutputPWM

(V)

(%)

Resonant curre

Resonant current  PWM voltage  Output voltage

(A)

Time (ms)

Figure 8-5: HFPDU steady state waveform with a Bbl&ads on the output.
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CHAPTER IX

9. SUMMARY AND CONCLUSION

This thesis developed medical grade high frequeaeyer distribution units
using resonant converter to replace traditionajp@Wer distribution units. Starting with
the over view of resonance topology, and operaaigeme, the paper have pointed out
the benefits and shortcoming of different seris®nant converter. Following in chapter
3, an LLC resonant converter topology, and supswnmance operation has been selected
in order to benefit from both the series and pat#dlad resonant converter. The selected
topology provides inherent short circuit protectand lower part counts, particularly
because of resonant converter capability of usagdge inductance, and magnetizing

inductance of a transformer for its resonant tank.

Following the section of LLC resonant converterdiogy, a design model was
developed using Matlab/Simulink, and control cajiigtias been simulated. In order to
account for variation in operating environment aad to part variation, Monte Carlo
analysis were conducted to show conformance tspkeification. Furthermore;
simulation of the magnetics, filter design, andttiermal performance were conducted to

set the stage for design implementation.

A prototype of the selected topology was built aeglilt was evaluated. The
measured result has been found to show an excebteration with the simulation
result. This gave confidence in the accuracy ofntieelel, and the results from the

various simulations.



65

Finally, the technique and topology that were dised here are by no means
exclusive only to CT system, or even medical systémfact, it can be used in many
other applications that can benefit from isolatinigl disturbance, regulated output

voltage, and reduction in overall size in a co&aive manner.
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A. APPENDICES

A.1 UNDAMPED SERIES-RESONANT CIRCUIT

Figure A-1 shows an undamped series-resonant tiniere the input voltage is
V, at timg,. The initial conditions aré, , and/,. With the inductor current and the

capacitor voltage, as the state variables, the circuit equation$ldre

diy,

L-,- E + Ve = Vd (A'l)

and C, &=y (A-2)

at

Fort > t,, the solution is as follows:

ip(t) = I, cosw,(t —t,) + %sinwo(t —t,) (A-3)
and V.(t) =V; — (Vg —Vo)cosw,(t — t,) + Z,1;,Sinw, (t — t,) (A-4)
where angular resonance frequeney,~= 2nf, = — (A-5)
and Characteristic impedance ;== % (A-6)
k]

Figure A-1: Undamped series-resonant circuit [11].
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A.2 SERIES-RESONANT CIRCUIT WITH A CAPACITOR-PARALLEL LOAD

Figure A-2 shows series resonant circuit, wherectpacitor is loaded in parallel
with I,,. In this circuit,V; and,l, are dc quantities. The initial conditions drg and/;,

at timet, [11]. Therefore

diy,

Ve =Vq — LrE (A-7)
and ip—i.=1, (A-8)
By differentiating Eq. A-7

. dv, dzi

i, = Crd_i = —LTCTF‘; (A-9)

Substitutingi. from Eq. A-9 into Eq. A-8 yields

d2i . .
—E+ wdiy = Wil (A-10)

Where angular resonance frequengys still the same as Eq. (A-5), solution for t,

is as follow:

i) =1,+ U, —1,)cosw,(t —t,) + @ sinw, (t — t,) (A-11)

o

And

vc(t) = Vd - (Vd - Vco)coswo(t - to) + Zo(ILO - Io)Sinwo (t - to) (A'12)

— i []
LYY Y\

L inl
A

+
s T Ve[Ved] D

Figure A-2: Series-resonant circuit with capacparallel load [11].



